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Abstract 
        Electro-optic modulators (EOM) are important devices used in optical 
communication, high resolution laser spectroscopy and sensing systems.               
In particular, EOMs used as phase modulators are essential components for laser 
frequency locking via configurations such as frequency modulation spectroscopy 
(FMS), modulation transfer spectroscopy (MTS) and the Pound-Drever-Hall 
(PDH) technique. These locking methodologies are routinely used for frequency 
stabilization, laser interferometry, fibre optic sensing and precision measurement 
applications, since the low noise makes it possible to achieve shot noise limited 
detection sensitivity. However, EOM phase modulators induce a small yet 
undesirable level of residual amplitude modulation (RAM) that degrades the 
performance of the system and ultimately limits its usefulness in the applications 
it is used in. While some of the factors that cause RAM in these applications have 
been studied and analysed, all mechanisms by which RAM is produced in EOM’s  
is still not  fully understood .  
         This thesis investigated the RAM generated in an MgO:LiNbO3 electro-
optic phase modulator and found that one of the key mechanisms was intensity 
dependent. In this study it was found that the intensity dependence of RAM 
results from the nonlinear photorefractive effect, which is observable even at     
low incident field intensities. This finding is surprising since the 5 mol%        
MgO:LiNbO3 medium is known to have a higher threshold to photorefractive 
damage than the undoped LiNbO3. 
         In this study it was found that not only did the magnitude of RAM increase 
with intensity, but its phase becomes less well defined, with the combination 
resulting in temporal fluctuations in the measured RAM. The experimentally 
observed manifestation of this behaviour was qualitatively described by a 
conceptual model, which explained the continuous temporal variation in RAM as 
resulting from continually evolving photorefractively enhanced scatter within an 
optically thick medium. With this understanding a simple experimental setup was 
designed to suppress the RAM to below the 10-5 level. Here, the photorefractively 
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increased scatter in the phase modulator crystal was erased by illuminating the 
EOM crystal with a second intense optical beam, which reduced the overall RAM. 
         Since the photorefractive effect depends on the spatial intensity profile of 
the incident beam, a proper control of the transverse intensity profile may reduce 
the RAM. To investigate this, an experimental study was conducted with various 
uniform intensity profiles (flat-top) and it was found that a reduction in RAM was 
observed for flat-top intensity profiles, when the beam diameter was comparable 
to the EOM aperture. 
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                     Chapter 1     
                      Introduction 
 
 1.1 Research Problem 
         For more than four decades, fibre optics has continued to improve the 
capacity and speed at which we are able to communicate. This success is in large 
part attributable to improvements in key optical componentry such as optical 
detectors, lasers as well as other optical devices like optical modulators, optical 
amplifiers, optical multiplexers/demultiplexers, and optical switches [1]. Among 
these, improvements in optical modulator technology have resulted in modulation 
rates in excess of a gigahertz, making optical modulator devices one of the driving 
forces of the fibre optic communication revolution and other scientific research 
endeavours [2]. 
 
         Optical modulation is a means of impressing a time variation of amplitude, 
frequency or phase onto a coherent light field (ie. laser beam) and can be 
accomplished either by the modulation of variable reactive or absorptive elements 
outside the laser cavity (indirect modulation), or by the direct modulation of the 
laser. Examples of reactive-type modulators include electro-optic, acousto-optic, 
and magneto-optic devices [3]. While these external modulation methods can be 
more complicated to apply than directly modulating the laser source, it allows for 
high modulation rates and less dispersion than the direct modulation of a laser 
diode.  
 
         The most pervasive optical modulator found in today’s long distance optical 
fibre communication systems is the lithium niobate (LiNbO3) electro-optic 
modulator (EOM). This class of modulator was the first external modulator of any 
kind to be installed in commercial light wave communication systems [1]. The 
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modulation can be impressed on the amplitude, phase, frequency, or polarization 
of the input carrier laser beam. The carrier’s phase is the most straightforward to 
modulate with a single Pockels cell EOM, where the phase of the laser light 
exiting the modulator is dependent on an electric field applied across the electro-
optic medium. 
         As well as being important tools in long distance optical communication, 
electro-optic phase modulators are also essential devices in laser frequency 
stabilization schemes, laser interferometry, fibre optic sensing, and many other 
scientific applications. In most of these applications, phase modulation of the 
optical field is required to lock the laser frequency to a reference, significantly 
improving the frequency stability and accuracy. These applications rely on the 
EOM delivering a phase modulated light field without modulation of other beam 
parameters such as amplitude or polarization. Simultaneous modulation of phase 
and amplitude degrades the sensitivity, accuracy and overall performance of 
systems that require high ‘purity’ phase modulation.  However, a well-known 
problem with EOM phase modulators is that they generate unwanted simultaneous 
residual amplitude modulation (RAM) [4-7]. In optical frequency references and 
laser interferometric applications RAM is unacceptable because it leads to 
uncontrolled frequency shifts, reducing the accuracy of the system. Thus in these 
applications and many others, RAM is a noise source that inhibits optimal 
performance such as reaching the shot noise detection limit. While some of the 
causes of RAM in EOMs have been identified and studied, many observations are 
still unexplained due to our incomplete understanding of the source of this effect. 
Therefore the prime aim of this thesis is to investigate RAM in electro-optic phase 
modulators to attain a more complete understanding of its origins and to use this 
knowledge to reduce this noise, improving the sensitivity and accuracy of 
applications that rely on EOMs to function.  
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1.2 Original contribution to knowledge   
         The work presented in this thesis was undertaken to explore the intensity 
dependence of RAM in high quality EOMs and provide an understanding of many 
of its individual origins in order to piece together the overall RAM problem. 
Residual amplitude modulation is a complex phenomenon linked to frequency and 
phase modulation techniques using external electro-optic crystals that was 
observed around 1980 in high resolution spectroscopic techniques [8]. While 
several independent RAM producing effects have been found and measured, the 
overall picture of all causes of RAM is not yet complete [5, 9, 10]. Various 
methods have been proposed to reduce RAM to the 10-5 level [4-7, 9-18] but 
reducing it further to the 10-6 level is difficult, which is a significant limitation for 
many high precision applications such as optical frequency references. To put this 
into context, a RAM level of 10-6 is equivalent to a periodic oscillation of the light 
intensity at the modulation frequency that has an amplitude that is 106 times 
smaller than the mean intensity. 
         Previous research at QUT identified three root causes of RAM in 
applications that use EOMs as phase modulators. The spatial separation of the 
sidebands that occurs when an EOM phase modulates an incident light field can 
lead to RAM if apertures within the system transmit more of one sideband than 
another [6, 12]. A second mechanism that generates RAM is the dispersion of any 
material that the optical field must travel through after it emerges from the     
EOM [6]. This thesis investigated the third mechanism for RAM production, the 
electro-optic medium itself, with the view of providing some explanation of its 
origin.  
         One of the earliest studies of modulator induced RAM has demonstrated 
separate laser frequency dependent and independent RAM contributions [7]. The 
laser frequency dependent RAM was a result of interference through multipassing 
effects (Fabry-Perot etalon effects) and that can be at the 10-2 level. Thankfully, in 
practice, this can be minimised by careful choice of the angle of incidence of the 
optical field or by introducing a wedge angle between the end facets of the EOM 
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medium. The frequency independent RAM was measured via single pass 
measurements and found to be much smaller and more difficult to analyse due to 
its ‘randomly’ varying temporal behaviour, and as a result, at that time could not 
be explained [5, 7]. Gehrtz et al. reported that this RAM component is quite small 
and is in the range of 10-5 to 10-3, but varies drastically for different EOM crystal 
materials [5]. Even though the single pass RAM contribution is typically much 
smaller than that arising from the etalon effect, it is sufficiently large to 
significantly limit the sensitivity in the applications of electro-optic phase 
modulator discussed here. Hence, it is necessary to investigate the origin of this 
RAM component in order to reduce it to below the 10-5 level, for attaining the 
theoretical shot noise limited sensitivity.  
         With this aim in mind, the thesis investigated the dependence of RAM 
production on the intensity of the incident optical field. This was done by 
optimizing the incident beam angle and polarization through precise experimental 
setup that reduced the RAM to a minimum level, for conducting the intensity 
dependent measurements. The work presented in this thesis makes new 
contributions since it brings attention to the origin of an instability in high 
precision measurement techniques and will have positive impacts on the 
development of new methods in RAM reduction.     
1.3 Overall Aim   
      The need for further investigation of the RAM problem in EOMs was 
necessary owing to its importance in optical frequency references and laser 
interferometers. To this point, RAM production in the electro-optic medium has 
not been fully explained and this project answered this mystery through an 
experimental and theoretical investigation of the intensity dependence of this 
noise. Various studies in the literature have focused on identifying, measuring and 
decreasing RAM. These studies conclude by suggesting that a clear understanding 
of its origin will help further reduce the RAM in phase modulators.  
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The overall aim of the project falls under three major categories as shown in the 
schematic in Figure 1.1.  
 
                Figure 1.1 Overall Aim. 
1.3.1 Origin of residual amplitude modulation (RAM)  
          The prime research was a comprehensive experimental analysis of the 
dependence of RAM on the intensity of the incident beam to unravel the actual 
origin of the RAM. This involved the study of both the linear as well as the 
nonlinear optical properties of the medium. Here a New Focus 4001-M resonant 
phase modulator was used to phase modulate the input beam from a Coherent 
Compass 215 M-20 diode-pumped Nd:YAG laser (532 nm). 
         Chapter 3 gives the experimental and theoretical evaluation of the numerous 
RAM producing mechanisms, which involve separating the various parameters 
that RAM depends on. The key investigation focused on the dependence of RAM 
production on the intensity of the incident beam via nonlinear optical effects in 
the electro-optic medium. The nonlinear optical effects that lead to RAM can be 
easily measured by primarily controlling the linear parameters such as the incident 
Origin of RAM 
Suppression of 
RAM 
RAM using non-
Gaussian beam 
profile 
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angle and polarization that yield a minimum base level of RAM, which from the 
current literature is the smallest single-pass RAM. 
          In the following section, specific investigations into determining                
the sensitivity of RAM on each of the key system parameters will be outlined. 
Due to the many system parameters that RAM depends on, each step in              
this investigation provided information on the sensitivity of RAM to that 
particular variable independently. Each step represents a technically challenging 
endeavour due to the exacting control that is required for each of the ‘fixed’ 
parameters (i.e. angle of incidence and polarization) in this investigation.                                                                                                                                                                                                                    
1.3.1.1   Angular dependence of RAM 
         The dependence of RAM on the angle of incidence of the laser beam at the 
EOM entrance facet was conducted to reduce the RAM arising from the multipass 
effects. The active medium in the EOM that was used in this project was the 
MgO-doped congruent LiNbO3 crystal. We chose this particular electro-optic 
medium because of the high optical damage threshold of MgO doping and the 
ease of getting high quality crystals. Moreover the MgO:LiNbO3 modulator is 
frequently used in various scientific and industrial applications.  
         LiNbO3 has a high refractive index (~ 2.2). As a consequence, the input and 
output facets of the medium reflect a significant fraction of the incident radiation 
(~14%), if they are not anti-reflection coated. As a result, the field in the medium 
is actually a combination of the incident field plus all the multiple partial 
reflections. This combined field can display significant RAM, which is much 
more severe when the incident field is normal to the medium. This is a 
geometrical resonance effect and careful investigation into this effect allowed 
identification of the range of incident angles where multiple reflections from the 
end facets produced minimal RAM. 
1.3.1.2   Polarization dependence of RAM 
         One known cause of RAM in LiNbO3 EOMs is an incorrectly aligned linear 
polarization state of the field, which can make both the multipass and single-pass 
  
 
Chapter 1: Introduction                                                                                                                     7 
RAM very large. This is because LiNbO3 is an anisotropic material and as such 
different polarizations interact differently with the medium. Here, in this 
investigation, the optimal polarization state was identified in order to keep RAM 
at a minimum level for the EOM used in this work. It should be noted that the 
single-pass RAM observed when the multipass effects are excluded, is insensitive 
to polarization misalignment when the optic axis of the crystal and the laser 
polarization axis are approximately parallel [7]. More studies conducted in this 
situation are discussed in the Appendix 2.  
1.3.1.3   Measurement of beam intensity and RAM  
         Subsections 1.3.1.1 and 1.3.1.2 describe how the experimental conditions 
were controlled to minimize the known RAM producing factors (etalon effects 
and polarization misalignment), to ensure the minimum level of RAM. The 
hypothesis investigated here was to determine whether or not the RAM that 
remains was due to nonlinear optical effects in the electro-optic medium.             
A simple test for the presence of nonlinear optical effects is to determine if the 
RAM was dependent on the incident beam intensity. Nonlinear optical effects 
were suspected since electro-optic media like lithium niobate are known to 
display strong photorefractive behaviour. In LiNbO3 photorefractive effects 
manifest themselves as a de-focusing of the beam, which causes the beam energy 
to spread from the beam axis. More details of the specific methods used and the 
results obtained are given in Chapter 3. 
         Another known feature of RAM is that its magnitude can vary over time, 
since the factors that generate RAM are in general not constant in time [10]. The 
time scales that this occurs over is typically in the range of minutes to hours, 
which is indicative of nonlinear effects such as the photorefractive effect or 
thermal effects such as heating and cooling. With precise control over the 
medium’s temperature, it will be possible to determine what role the ambient 
temperature and optical heating (heat generated by the absorbed light) play in the 
RAM production process. The Fourier analysis of the temporal nature of RAM 
was performed at two different intensities to verify any temporal photorefractive 
  
 
Chapter 1: Introduction                                                                                                                     8 
nonlinearity. An insight into the temporal behaviour of RAM is given in     
Chapter 3 and Chapter 4. 
1.3.2 Suppression of RAM 
         A second principal aim of the project was to suppress the RAM to below the 
50 dB level. As discussed in Section 1.3.1, the reduction of RAM is possible by 
the proper understanding of the different origins of this noise. It has been reported 
that photoinduced refractive index changes in photorefractive media can be erased 
by homogeneously illuminating the crystal with a larger diameter beam of the 
same wavelength [19] or by flooding the crystal with uniform intensity 
illumination [20, 21]. In addition, another study reported that the photorefractive 
scattering via beam fanning can be decreased by uniformly illuminating the 
crystal with a second beam propagating in a direction opposite to that of the first 
beam [22]. The experimental setup that was designed to suppress RAM employs 
the same principle to reduce the photorefractively amplified scatter in the EOM. 
More details of the suppression of RAM are given in Chapter 4. 
1.3.3 Analysis of RAM using non-Gaussian beam profile  
         The third and final aim of the project was the experimental analysis of the 
dependence of RAM on the non-Gaussian beam profile. Most theoretical 
modelling of phase modulation in EOMs assumes the incident field as a plane 
wave with a uniform transverse field amplitude. In reality, however, the incident 
field is a focused laser beam with a TEM00 Gaussian transverse profile.This 
inhomogeneous intensity profile will affect the RAM production if the RAM        
is intensity dependent. The investigation of beam intensity and RAM in       
Section 1.3.1.3 and in Chapter 3 reveal the presence of nonlinear (intensity 
dependent) effects, which were more pronounced on the axis of the beam where 
the field intensity was highest. Thus, the RAM production is non-uniform across 
the transverse profile of the beam that emerges from the EOM.  
         However, various studies showed that photorefraction in electro-optic 
crystals can be reduced with uniform intensity illumination of the crystal [20, 21]. 
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Since the intensity dependent RAM is found to be photorefractive in nature 
(Chapter 3), reduction in RAM is possible through the control of the laser beam 
profile. To investigate this, uniform intensity profiles (flat-top profiles) were 
imposed on the laser beam with a Liquid Crystal on Silicon-Spatial Light 
Modulator (LCOS-SLM). This beam traversed the EOM and the resultant RAM 
was measured using the phase-sensitive detection technique. Chapter 5 gives a 
detailed analysis of this section. The reflective type phase only spatial light 
modulator used in this experiment was the Hamamatsu LCOS-SLM X10468-01 
that composed of  800×600, 20 μm-pixels. 
1.4 Structure of the thesis and linking the research papers 
         This thesis is presented in the form of three journal articles. The major 
findings are divided into three categories based on the overall aim of the project: 
(1) Origin of RAM, (2) Suppression of RAM and (3) Dependence of                 
non-Gaussian beam profile on RAM.   
          The overall structure of the thesis is as follows: 
• Chapter 1 introduces the research problem, the overall aim and specific 
objectives, and outlines the links between the three journal articles. 
• Chapter 2 provides an extensive review of the literature and sets out the 
required background information of the presented work. 
• Chapters 3 to 5 present the three articles. 
• Chapter 6 concludes the thesis with a brief discussion of the major results 
of the three articles.  
• Appendices 1 to 3 include three peer reviewed conference papers related to 
the project. 
Chapter 3: Intensity dependent residual amplitude modulation in electro-
optic phase modulators. 
         As discussed in Sections 1.1 and 1.2 the ambiguity regarding the actual 
origin of RAM is a major impediment in the reduction of this noise to the shot 
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noise limited detection level. An investigation into the dependence of RAM on the 
intensity of the incident beam was conducted in order to get a clear understanding 
of the origin of this effect. This section involves the study of the dependence of 
RAM on the linear and nonlinear optical properties of the medium. The important 
linear parameters such as the angle of incidence and polarization were optimized, 
and the dependence of RAM on the nonlinear control parameter, the intensity of 
the input beam, was investigated. The obtained results were analysed and the 
photorefractive origin of the intensity dependent RAM was deduced from the 
observations, and agreed well with our theoretical understanding of the 
photorefractive effect. 
Chapter 4: Reducing residual amplitude modulation in electro-optic phase 
modulators by erasing photorefractive scatter. 
         The findings in Chapter 3 were used to design a compact experimental setup 
to reduce the RAM further below the 50 dB level. Here the photorefractive origin 
of RAM was utilized to decrease it, by erasing the photorefractive amplified 
scatter that originates from impurities and defects within the modulator crystal. 
The erasing illumination was realized by flooding the crystal with an intense, 
larger diameter beam of same wavelength. For example, at 19 mW/mm2 the  
diameter of the erasing beam was 5 times larger than the original beam that 
induced the refractive index changes. This was inspired by the observations made 
by Ashkin et al. [19] in their groundbreaking paper on the photorefractive effect. 
The erasing beam was applied in the opposite direction to that of the original 
beam as Feinberg did to suppress photorefractive beam fanning [22]. 
Chapter 5: Dependence of residual amplitude noise in electro-optic phase 
modulators on the intensity distribution of the incident field. 
         The understanding of the RAM discussed in Chapter 3 and 4 was developed 
using incident light that had fundamental Gaussian TEM00 intensity profile. That 
work was extended to determine whether more uniform beam profiles could lead 
to a RAM reduction. An experimental investigation of the RAM observed when a 
non-Gaussian profile (flat-top) was undertaken, with the results compared to the 
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RAM observed when a TEM00 intensity Gaussian profile was used. The flat-top 
profiles were generated using an LCOS-SLM.  
         The relevant background information for the three journal articles are listed 
below: 
Chapter 3: Section 2.2, Section 2.3, Section 2.4, Section 2.5, Section 2.6 (except 
subsection 2.6.2), and Section 2.7. 
Chapter 4: Section 2.2, Section 2.3, Section 2.4, Section 2.5, Section 2.6, and   
Section 2.7. 
Chapter 5: Section 2.2 Section 2.3, Section 2.4, Section 2.5, Section 2.6,    
Section 2.7, and Section 2.8. 
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Chapter 2 
Theory and Background Information  
2.1 Introduction  
         Laser based optical spectroscopic techniques in general, and modulation 
spectroscopic techniques in particular, are widely used for a variety of 
applications in atomic, molecular and optical physics. These have become the 
foremost techniques used in the studies of light matter interaction or in optical 
frequency metrology. It is well known that phase modulation using an electro-
optic modulator (EOM) enhances the sensitivity of these spectroscopic techniques 
making it possible to approach the shot noise limit of the detector [7]. However, 
this fundamental noise limit cannot be attained in the presence of additional 
amplitude modulation (AM) either from the laser or from the optical system itself.  
This extra AM component on the phase modulated laser beam is known as 
residual amplitude modulation (RAM) and occurs even when no absorbing sample 
is present [5]. Basically, RAM produced by the phase modulator is the signal 
obtained at the phase-sensitive detector with the sample and all other optics 
removed from the post-modulator beam path [7]. This RAM has many causes and 
can be interpreted as the inability of the EOM to provide uniform phase 
modulation [23]. The magnitude of RAM is difficult to reduce to the 10-6 level, 
which is disadvantageous for many important applications like optical frequency 
references and optical interferometers. In summary, pure phase modulation is 
difficult to achieve and the practical sensitivity of the system is limited by the 
RAM induced background signal, an unwanted noise source. 
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2.2 Electro-optic modulator (EOM) fundamentals   
         The last forty years have witnessed the invention and development of 
various types of optical modulators in numerous applications. These are important 
devices used in telecommunication, optical metrology and optical signal 
processing. The direct modulation of the laser diode has the disadvantage of 
frequency instability [24] and hence external modulation is the scheme of choice 
and realized with electro-optic modulators [3] through modulation of reactive or 
absorptive materials outside the laser. The first EOM operated at microwave 
frequencies and was demonstrated soon after the invention of the laser [25, 26]. 
This travelling wave modulator developed by Kaminow in 1961 used the Pockels 
effect in a potassium dihydrogen phosphate (KDP) crystal, but suffered from large 
power dissipation in the crystal. The Fabry-Perot electro-optic modulator 
developed by Gordon et al. [27] offered a great advantage over the travelling 
wave modulator with respect to the modulation power loss in the KDP crystal. 
Due to the emerging importance of EOMs in many applications, research into 
developing electro-optic materials blossomed. Nowadays, depending on the 
application, many active media are available including barium titanate (BaTiO3), 
cadmium sulfide (CdS), lithium niobate (LiNbO3), lithium tantalate (LiTaO3), 
potassium dihydrogen phosphate (KDP), potassium titanyl phosphate (KTP), 
ammonium dihydrogen phosphate (ADP), quartz (SiO2), gallium arsenide (GaAs), 
indium phosphide (InP) etc [28]. Through that it emerged that LiNbO3 modulators 
possessed many attractive features for modulation of visible and NIR light, 
making them the prime choice in many present day applications [29, 30]. These 
modulators have several advantages over the other EOMs such as low drive 
power, high intrinsic modulation bandwidth and stable operation over a 
reasonable temperature  range.  
         Advances in device and material technology have made the EOM one of the 
most impressive reactive optical modulators, which can be used for modulating 
the phase, frequency, polarization and amplitude of an optical beam. The simplest 
type of EOM is a phase modulator where the information is represented as 
variations in the instantaneous phase of a carrier wave. In this situation, the 
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modulator generates sidebands spaced about the fundamental frequency at 
multiples of the applied modulation frequency. A phase modulator can be 
transverse or longitudinal, depending on the direction of the applied electric field 
with respect to the beam propagation axis. In a transverse modulator the electric 
field is applied perpendicular to the direction of light propagation, while in a 
longitudinal modulator the electric field is applied parallel to the propagation axis 
as shown in Figure 2.1. 
 
 
 
 
                         (a)                                                              (b) 
Figure 2.1 Schematic of (a) transverse electro-optic phase modulator and (b) longitudinal 
electro-optic phase modulator. 
         Transverse modulators are often chosen for many laser applications because 
of the low half wave voltage πV , which is the voltage required to induce a phase 
change of 𝜋  radians. Commercial transverse electro-optic phase modulator is 
usually available either as a resonant modulator, where it operates at a single 
frequency, or the broadband version, which allows it to be driven over a range of 
modulation frequencies. The resonant modulators are easier to operate than the 
broadband modulators and require much lower input drive voltage due to the 
voltage enhancement provided by the resonant circuit or cavity on            
resonance [31, 32]. 
 
 
 
V 
V 
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2.2.1 The Electro-optic effect 
         The EOM uses the linear electro-optic or Pockels effect where the refractive 
index of an optical medium can be varied by applying an electric field across the 
electro-optic material  inside the modulator [33, 34]. The Pockels effect is named 
after Friedrich Carl Alwin Pockels, who studied it in 1893 and is differentiated 
from the quadratic electro-optic effect or the Kerr effect by the fact that the 
birefringence is proportional to the electric field, whereas in the Kerr effect it is 
proportional to the square of the electric field. This effect occurs only in crystals 
that lack inversion symmetry such as LiNbO3, LiTaO3, KDP, KTP, compound 
semiconductors such as GaAs and InP, and in other noncentrosymmetric materials 
such as polymers or glasses. 
         The propagation characteristics of electromagnetic waves in anisotropic 
crystals can be described by the index ellipsoid given by: 
                                                 1
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                                               (2.1) 
where x, y and z are the principal dielectric axes, and yx nn ,  and zn  are the 
corresponding indices of refraction. In the case of uniaxial crystals, oyx nnn ==
corresponds to the ordinary refractive index and ez nn = is the extraordinary 
refractive index. Here the unique axis of symmetry is the z-axis and is called the 
optic axis of the uniaxial crystal. The crystals with ne > no are referred to as 
positive uniaxial crystals and those with ne < no are called negative uniaxial 
crystals. The existence of these two different refractive indices is termed 
birefringence. As shown in Figure 2.2, when an unpolarized light enters a 
birefringent crystal, it splits into ordinary (o) and extraordinary (e) rays that 
experience different refractive indices and orthogonal polarization states. 
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Figure 2.2 Inorganic birefringent crystal. 
         An electric field applied in the direction of the optic axis modifies the index 
ellipsoid in Equation  2.1 and is written as: 
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where 
jir  is the electro-optic tensor, j = 1, 2, 3 represents x, y, and z, respectively 
and  i goes from 1 to 6. From Equation 2.2  it is clear that the electric field rotated 
the principal crystallographic axes that changed the magnitude of principal 
refractive indices and a new ellipsoid is generated. The original ellipsoid in        
Equation 2.1  can be obtained when  E = 0.   
         For materials that belong to the symmetry group 3m (LiNbO3, LiTiO3 etc), 
the electro-optic tensor can be written in the form: 
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Hence for a LiNbO3  crystal the new refractive indices as given by Equation 2.2 
are:  
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         The combined equation for the applied field in the z direction zAE  and 
resulting changes in refractive index for extraordinary and ordinary rays, can be 
expressed as: 
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                                              (2.7)                                                                                                                                                  
Here the highest electro-optic coefficient 33r is obtained by applying the electric 
field parallel to the z-axis (optic axis) of the crystal as shown in Figure 2.3, which 
satisfied the optimal polarization condition for the work presented here. 
 
 
 
 
 
 
 
 
 
Figure 2.3 Propagation of laser beam through uniaxial crystal transverse to the crystal  
optic axis. 
 
𝐸𝐴
𝑧    
x 
𝑛𝑜, 𝑟13 
y 
𝑛𝑒, 𝑟33 
z 
  
 
Chapter 2: Theory and Background Information                                                                             18 
         In electro-optic phase modulation, a voltage applied across the electrodes of 
the electro-optic crystal changes the refractive index of the medium and thus the 
phase of the light that passes through the crystal. The field transmitted through the 
crystal can be written as:  
                            
( )( ) cceEE ltnktxki
MOD
.00 +=
∆+−ω
                                   (2.8) 
   From Equation 2.8 the phase variation of the light field is given by: 
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where 0E is the electric field amplitude of the input laser beam, k is the vacuum 
wave vector, 0ω is the angular frequency of the optical field, l is the length of    
the crystal, d is the thickness of the crystal, effr is the effective electro-optic 
coefficient of the crystal material and πV is the half wave voltage. From    
Equation 2.9, it is apparent that the phase of the field exiting the EOM is directly 
proportional to the applied voltage, ( )tV  . Figure 2.4 shows the experimental 
setup of an electro-optic phase modulator. 
 
                                                                                                     
 
 
 
Figure 2.4 Schematic setup of an electro-optic phase modulator. 
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         If a sinusoidally varying electric field ( )( )tEE mA Ω= sin is applied across the 
crystal, the pure phase modulated field at frequency Ω can be written as: 
                           
( ) cceEE ttxkiPM .
)sin(
0
0 += Ω+− βω
                                     (2.10) 
Here m
eff E
lrnk
2
3
=β  is the modulation index, which describes the depth of 
modulation [6], where Em is the amplitude of the applied electric field. The 
Fourier decomposition of Equation 2.10 is given by:  
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Here the functions 0J , 1J , 1−J  etc, are the well known Bessel functions, which 
represent the amplitude of the carrier, the two first order sidebands and so on.  
Figure 2.5 shows the spectrum of phase modulated electric field with multiple 
sidebands about the carrier frequency. 
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Figure 2.5 Spectrum of phase modulated field. 
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For 1<<β , higher order sidebands 2J , 3J and so on, can be ignored as their 
magnitudes are much smaller than 0J   and 1J ,  and Equation 2.11 becomes: 
               
{ } cceJeJJeEE tititxkiPM .)()()( 110)(0 0 +++= Ω−−Ω− βββω              (2.12) 
The intensity of the phase modulated field in Equation 2.12 can be expressed as: 
 
( ) ( ) ( ){ }tJJtJJtJJJJJII PM Ω+Ω+Ω+++= −−− 2coscoscos 1110102121200    (2.13) 
                                                                                                                           
Here the last term in Equation 2.13 involving the two first order sidebands can be 
neglected due to its small magnitude ( )01 JJ <<  when 1<<β . Again, for pure 
phase modulated output, the magnitudes of the two sidebands are equal but of 
opposite sign ( )11 JJ −=−  and the two interference terms involving the carrier and 
the first order sidebands effectively cancel out. Consequently, the intensity of 
phase modulated field shows no variation at modulation frequency [12] as 
depicted  in Figure 2.8 in Section 2.6.1. 
2.3 Electro-optic modulation in bulk crystals 
         The physical mechanism behind electro-optic modulation, the linear electro-
optic effect, was first studied in crystals of quartz, tourmaline, potassium chlorate 
etc [35]. Since then, research and development in this area have produced 
tremendous improvement in device characteristics in both bulk and integrated 
electro-optic modulators. The bulk optical modulators use inorganic ferroelectric 
crystals [29], while the integrated electro-optic modulators are made from 
ferroelectric thin film optical waveguides [36], semiconductors like silicon [37], 
nanoscale graphene [38], liquid crystal [39], polymers [40] and other organic 
nonlinear crystals that exhibit second order optical nonlinearities. Bulk 
modulators have several advantages over integrated optic modulators due to their 
large cross sectional area, excellent compatibility with free space optics, ease of 
fabrication, high optical damage threshold and high transmission. 
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2.4 Bulk nonlinear optical crystals  
       As will be discussed, many of the media used for electro-optic modulation 
also display various nonlinear optical effects. In part, this is because media such 
as LiNbO3, LiTaO3, BaTiO3, KNbO3 etc are ferroelectrics and hence possess 
noncentrosymmetry, which endows them with a second order nonlinearity [41]. 
Of these, the ferroelectric crystals most widely used for modulation purposes are 
LiNbO3 and LiTaO3, with more extensive studies having been performed on 
LiNbO3. Doped LiNbO3 crystals are among the more promising candidates for 
nonlinear optical device applications such as data storage.      
2.4.1 LiNbO3 crystal  
      Lithium Niobate (LiNbO3) is one of the most commonly used ferroelectric 
crystals due to its large electro-optic and acousto-optic coefficients. Its high 
mechanical and chemical stability, its suitable physical properties and high optical 
homogeneity are major factors that have led it to be used in a diverse array of 
commercial optical devices for more than 30 years [42-46]. Ashkin et al. [19] 
reported that pure LiNbO3 possesses optically induced refractive index 
inhomogeneities, a drawback in using these crystals as electro-optic and acousto-
optic modulators. As will be discussed in Section 2.7.1, this low optical damage 
threshold or photorefraction in LiNbO3 was found to be due to the drifting           
of photoexcited electrons from illuminated regions to the peripheral dark     
regions [47]. Photorefractive damage is generally regarded as the visually 
observed degradation of the spatial quality of the beam transmitted through the 
modulator due to light induced refractive index changes. The optical damage 
problem in LiNbO3 led to the introduction of various dopants with the aim of 
reducing the  level of photorefractive beam degradation in electro-optic crystal 
applications.      
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 2.4.2 MgO-doped LiNbO3 crystal 
       Over the course of many years, manufacturers have investigated a range of 
growth techniques (e.g. congruently grown, stoichiometrically grown etc) and 
dopants, in order to either increase or reduce the medium’s photorefractivity, 
depending on whether photorefraction is desired or not [48]. In general, the 
photorefraction in LiNbO3 is enhanced by doping with Fe, Mn, Cu, Ni etc, known 
as photorefractive impurities, making the medium more suitable for nonlinear 
holographic and data storage applications. In contrast, photorefraction can be 
reduced by doping with non-photorefractive impurities like Mg, Zn, Sc, In, Hf, Zr, 
Gd, Y etc, making the medium more suitable for use in electro-optic devices and 
frequency conversion techniques. In particular, magnesium-oxide-doped lithium 
niobate (MgO:LiNbO3) crystals exhibit a high optical damage threshold when 
compared to undoped LiNbO3, with an MgO concentration of 4.6% or greater,  
due to a 100 fold increase in photoconductivity [49-52]. This increase in 
photoconductivity was attributed to the occupation of Mg in the NbLi antisites, 
thereby reducing the intrinsic defects [52]. The net result is that the use of MgO 
doping in LiNbO3 results in the medium being two orders of magnitude less 
sensitive to photorefractive effects than the undoped medium. In practice, this 
means that the MgO doped LiNbO3 EOM is able to cope with light intensities that 
are 100 times larger than its undoped counterpart, before any undesirable 
photorefractive effects are observed. However, the threshold doping concentration 
of MgO for improved optical damage resistance is not constant and depends on 
the concentration of lithium vacancies in the crystal. This threshold level also 
varies depending on whether the crystal is grown from the stoichiometric or 
congruent melts [53]. 
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2.5 Applications of EOMs 
         Modulation of laser light is essential in modern communication systems     
to impress information onto the carrier beam. External lithium niobate electro-
optic phase modulators have proven to perform extremely well in this role due    
to their large modulation bandwidth, low bias voltages and reduced fibre 
dispersion and chirp [29, 30, 54]. EOMs are also extensively used to stabilize the 
frequency of a laser using techniques such as Pound-Drever-Hall method [55], 
and employed in frequency modulation spectroscopy [8] and modulation transfer 
spectroscopy [56]. Lasers that have very stable and precisely known frequencies 
can be used as optical frequency references for metrology applications [57], and in 
interferometric applications such as in Laser Interferometer Gravitational-Wave 
Observatory (LIGO) [58] and Laser Interferometer Space Antenna (LISA) [59]. 
EOM based optical frequency combs are excellent frequency standards for the 
realization of fundamental units of time and length [60, 61]. However, in many of 
these applications amplitude noise from the phase modulator can change the 
frequency of the laser by as much as ~1 MHz and therefore degrade the 
performance of the system. Typically, this unwanted amplitude modulation or 
RAM produced by the phase modulator causes problems in these applications 
when the level of RAM exceeds 10-5, owing to the high accuracies required. 
2.5.1 RAM in laser frequency stabilization  
         Optical frequency references are visible laser systems, with frequencies 
stabilized to an accuracy that can exceed 1 part in 1012 [12]. Here the basic idea is 
to lock the laser’s frequency to the saturated absorption lines of well known 
gaseous materials like iodine. In this way, it is possible to determine the frequency 
of the laser to an uncertainty of ~ 1 kHz, which means a relative uncertainty        
of 10-11. Such high accuracies are necessary for sophisticated investigations, for 
example, in the creation of Bose-Einstein condensates, high resolution 
spectroscopic probing of sub-atomic and atomic interactions [62], optical 
communication [63] as well as in many scientific metrological applications, 
especially for the realization of fundamental length and time measurements [64, 
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65]. Since the accuracy of the reference depends on the frequency uncertainty of 
the laser, any mechanism that shifts the frequency of the laser will degrade the 
performance of the system. One of the factors that strongly shift the frequency of 
the laser is the presence of RAM, which is known to be a major source of 
uncertainty in frequency stabilization techniques. 
         The various methods used to stabilize the laser frequency to atomic or 
molecular transitions of any saturable media fall into the category of saturated 
absorption spectroscopy. The basic arrangement for saturated absorption 
spectroscopy through a gaseous sample is shown in Figure 2.6. It involves a 
strong ‘pump beam’ (saturating beam) to saturate the transition and a 
comparatively weak ‘probe beam’ to measure the resultant feature after passing 
through an absorbing medium [4]. This technique is used to lock the laser to 
narrow Doppler-free absorption lines thus improving the frequency accuracy 
better  than 10-9. 
         
 
              
 
               
Figure 2.6 Basic arrangement for saturated absorption spectroscopy; BS: Beam splitter,     
M1 and M2: Mirrors. 
         Several schemes [4, 10, 13, 14, 16, 66, 67] have been developed to stabilize 
the laser by locking it to suitable atomic or molecular absorption resonances.     
An error signal for frequency locking can be obtained either by means of 
modulation-free techniques [66, 67], or by modulating the laser beam using an 
EOM [4, 10] or an acousto-optic modulator (AOM) [13, 14, 16].  
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2.5.1.1 Modulation-free laser frequency stabilization 
      Modulation free schemes for obtaining the error signal from the required 
atomic transitions have the advantage of miniaturization and reduction in 
broadening effects [66]. The conventional Doppler-free technique has a simplified 
experimental setup without the need of expensive apparatus like modulators and 
lock-in-amplifiers [66]. Sukenik et al. [67] has developed a modulation free 
technique, where two AOMs are needed to implement the system, but no phase- 
sensitive detection equipments are required. Even though these methods result in a 
frequency stable system, they lack the accuracy that can be obtained with a system 
that employs modulation and phase-sensitive detection. Thus, modulation free 
techniques are only adequate for secondary optical frequency references. 
2.5.1.2 Modulation of laser beam using an acousto-optic 
modulator (AOM) or an electro-optic modulator (EOM) 
         As the basic saturated absorption spectroscopy produces only a small change 
in absorption, it is necessary to integrate some modulation techniques to enhance 
the performance and allow the features of the frequency reference to be     
observed [4]. The most widely used modulation spectroscopic techniques are the 
frequency modulation spectroscopy (FMS), the modulation transfer spectroscopy 
(MTS), and the Pound-Drever-Hall (PDH) technique that uses the same 
conceptual foundation as FMS. 
         Regardless of the specific spectroscopic techniques used, some device is 
required to modulate the light field in order to lock it. An AOM is a suitable 
apparatus for producing the required modulation with a large modulation index 
albeit it is difficult to achieve a modulation frequency that exceeds a few 
megahertz [13, 14, 16]. At high modulation frequencies, the resulting beam 
deflection is so large that the optical beams become misaligned in the optical 
frequency reference. Partial correction of this problem was achieved by using a 
single mode optical fibre at the output of the AOM [14] or by using an additional 
EOM to compensate for the beam deflection [16]. Even though an AOM as the 
modulating element offers the advantages of producing a stable and compact 
setup, it will not deliver a frequency uncertainty that is smaller than 1 kHz            
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or 10‾11. This is because the RAM generated by an AOM is typically of the order 
of 10-3 to 10-2.  
         Accurate signals for frequency locking can be achieved when an EOM is 
used to phase modulate the pump beam [4, 5, 10]. The EOM is generally chosen 
over an AOM as the phase modulating element because the level of RAM it 
produces is 3 orders of magnitude lower than that produced by an AOM. A typical 
experimental arrangement of such a system is shown in Figure 2.7.  
 
 
 
 
       
 
 
Figure 2.7 Typical arrangement that employs EOM to obtain saturated absorption signals 
used for locking the laser frequency; BS1, BS2: Beam splitters and M1, M2: Mirrors. 
         However, one problem with the arrangement in Figure 2.7 is that the 
frequency of these lasers can shift by 1 MHz or more if the phase modulator 
generates amplitude noise at the modulation frequency. This significantly 
increases the overall frequency uncertainty that can be achieved with the source 
and thus limits its usefulness as an accurate optical frequency reference. Hence the 
unavoidable RAM generated by EOMs introduces a frequency offset or line 
distortion and both of these shifts the laser frequency away from the centre of the 
desired transition [4]. In both FMS and PDH, the RAM impressed by the 
modulator produces a non-zero error signal that shifts the locking point from the 
line centre [65, 68], while in MTS the presence of RAM on the phase modulated 
pump beam introduces a distortion in the line shape [23].       
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         Hence the sensitivity of FMS, MTS and PDH techniques are limited by the 
RAM generated by the modulator [12, 16].  For example, RAM caused sensitivity 
issues in 532 nm I2-stabilized Nd:YAG lasers that have been developed by 
national measurement institutes as a practical realization of the metre [15]. The 
National Measurement Institute of Australia maintains the nation’s legal standard 
of length using lasers stabilized to iodine in this way.  
         Therefore, in order to develop accurate optical frequency references it is 
desirable to reduce the frequency shifts that arise from RAM. To date, approaches 
used to control RAM in these systems include temperature stabilizing the EOM, 
proper beam alignment through the EOM to lessen interference effects, and by the 
proper alignment of laser polarization with respect to the EOM crystal axis. It has 
also been noted that a slight change of the laser beam position in the modulator 
has caused a different RAM condition [15]. This RAM will in turn generate 
wavefront curvature or line shape distortion at the output leading to frequency 
stability limitations and added uncertainty [11, 13, 15]. Although numerous 
approaches have been reported to overcome the problem of RAM to improve the 
frequency accuracy of optical frequency references to workable levels, a complete 
knowledge of this effect will improve the frequency accuracy [6, 7, 16].  
2.5.2 RAM in gravitational wave detectors and fibre optic 
sensors 
      Laser Interferometer Gravitational-wave Observatory (LIGO) is an earth 
based observatory, which employs high sensitivity detectors for sensing the 
presence of gravitational waves. It uses a Michelson interferometer with Fabry-
Perot cavities to detect tiny strains produced by gravitational waves. EOMs are a 
key component in the input optics subsystem of LIGO. The EOM is used to phase 
modulate the pre-stabilized laser in order to generate sidebands for length sensing 
and control of the interferometer. The basic approach used is the PDH 
stabilisation technique [69]. Unfortunately, the additional amplitude noise 
imposed by the EOM on the transmitted light causes an imbalance in sidebands, 
which makes it difficult to distinguish the cavity length displacements on either 
side of the resonance. Investigations have revealed that RAM in LIGO arises from 
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the misalignment of the crystal axis with respect to the incident field polarization, 
Fabry-Perot etalon effects inside the crystal and thermal drifts that lead to strong 
lensing effects [70]. Hence it is necessary to reduce the EOM RAM amplitude to 
levels that increase the possibility of detecting the weak gravitational waves using 
LIGO. 
        Other areas where the detection sensitivity is limited by EOM RAM is in 
optical sensing and navigation, especially in the operation of the fibre optic 
gyroscope (FOG) that uses an EOM to phase modulate the incident beam. These 
devices are based on the Sagnac effect and are desirable for many navigation and 
guidance applications [71]. Optical phase modulation in FOGs is employed to 
overcome the output nonlinearity for small Sagnac shifts, which otherwise limits 
its application as high quality sensors of rotation. However, spurious amplitude 
modulation limits the effectiveness of this, and RAM generated by the phase 
modulator as a source for the bias instability in FOGs has been discussed earlier 
by Kiesel et al. [72].  
2.6 Residual amplitude modulation (RAM) 
         One of the earliest observations of RAM was made in FMS for measuring 
absorption and dispersion of weak spectral features, and described as a 
disturbance associated with one of the sidebands on phase modulation [8]. This 
technique was first proposed by Bjorklund and then by Drever and Hall for sub-
Doppler spectroscopy and laser stabilization. However, a clear explanation of the 
sensitivity limitations caused by RAM was reported in 1985 by Whittaker et al. in 
their quantum limited distortion measurements using FMS [7]. Here RAM 
appeared as an intensity modulation of the beam at the output of the electro-optic 
phase modulator, even when no sample was present [5, 7]. Over the same period 
Wong and Hall reported [10] the spurious effects of RAM in FM spectroscopy 
that restricts the shot noise limited detection in various applications due to the 
imbalance in the sidebands of the phase modulated laser beam. RAM has also 
been observed in the alternative locking approach of MTS [6, 12, 23] that was 
used to stabilize a 543 nm He-Ne laser to iodine absorption lines [4]. Here the 
RAM mechanism caused by the phase modulator as well as the absorbing medium 
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itself has been discussed in detail. The frequency offset caused by RAM has also 
been reported in the PDH stabilization scheme employed to develop ultrastable 
lasers for optical clocks [73]. 
         In summary, RAM is a noise that limits the frequency accuracy of the 
optical systems that employ FMS, MTS and PDH techniques for frequency 
stabilization, laser interferometry and other areas of precision spectroscopy. In 
these, RAM arises due to imperfect phase modulation and is directly converted to 
an unwanted component of the error signal that reduces the detection sensitivity     
and or accuracy. In FMS the probe beam is phase modulated and the absorption 
line is directly detected through the imbalance it causes in the magnitude of the 
sidebands [74]. EOM RAM acts as a direct noise source on this signal. In MTS 
the detected beam is not directly modulated making the signal free from the 
Doppler background, however, EOM RAM distorts the signal leading to 
frequency offset in locking applications. The PDH stabilization technique is 
closely related to the FMS approach except the frequency of the laser is locked to 
a Fabry-Perot cavity that acts as a relative frequency reference [68, 69]. This 
technique can also be used to lock a cavity to a laser as employed in LIGO for the 
length sensing and control [69]. In both these cases RAM arises due to the 
imperfect phase modulation of the EOM or from unwanted interferences in the 
optical setup that cause undesirable frequency offsets [68]. Thus the RAM 
generated by the phase modulator external to the laser leads to noise appearing at 
the detector, which limits the high resolution and high sensitivity features of these 
spectroscopic techniques that is undesirable in many applications. 
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2.6.1 RAM production in EOM  
         As discussed in Section 2.6 there are several mechanisms by which RAM 
appears on the phase modulated field in FMS, MTS and PDH techniques. Some 
arise from the optical system due to beam overlap and absorption, while some are 
generated by the EOM itself [23]. This latter part, produced by the modulator, is 
not well understood due to the complexity of the sources that generate it. One of 
the more well known factors that contributes to modulator RAM are etalon effects 
due to reflections inside the modulator crystal, which can be minimized to some 
degree by proper alignment of the EOM and any reflective surfaces with respect 
to the incident beam [5, 9, 10, 75]. Other RAM producing factors include 
temperature variations within the crystal, vibrations within the crystal and of the 
optical table, scattering by impurities and defects, beam polarization effects, 
spatial inhomogeneities of the electric field inside the crystal, fluctuations in RF 
power, and frequency drifts of the laser [9, 10, 75]. The net effect contains 
contributions from all of these, making it difficult to understand any one 
component in isolation. 
         In the case of RAM contamination due to the phase modulator, the resultant 
field that is transmitted through the modulator crystal contains both phase        
modulated (PM) and amplitude modulated (AM) components, which can be 
represented by a frequency dependent transmission function T of the modulator. 
Hence for 1<<β , Equation 2.12 can be written as: 
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         Here, )(),(
00
Ω+ωω TT and )(
0
Ω−ωT  are the transmission functions of the 
carrier, upper sideband and lower sideband, respectively and have both real and 
imaginary parts. Hence, in practice, )()(
00
Ω−≠Ω+ ωω TT and an imbalance in 
sideband magnitude exists at the output of the EOM as illustrated in Figure 2.8.  
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Figure 2.8 Pure phase modulated (PM) signal (blue) and amplitude modulated (AM) 
signal (red) at the output of the modulator; 1/Ω is the time constant. 
The resultant intensity of the phase modulated field can be expressed as: 
( ){ })()()()cos(2)( 000100220 0 Ω−−Ω+Ω+= ωωωω TTTtJJTJEIR                           
(2.15) 
The peak to peak intensity oscillation IAC of the resultant field normalized by the 
average intensity is given by: 
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The AC component gives a measure of the imbalance of the transmission of two 
sidebands. When 1<<β , 1~0J and 2~1
βJ ,  and Equation 2.16 can be written as: 
                            
( ))()(~
00
Ω−−Ω+ ωωβ TTIAC                                   (2.17) 
For small modulation depths, the magnitude of the sideband is proportional to the 
modulation depth and from Equation  2.17 the residual AM (RAM) component of 
the phase modulated field is given by: 
   J-1 
(Inverted) 
     J0      J1 
  Intensity    
time 
  1/Ω 
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                              (2.18) 
Equation 2.18 clearly shows that RAM for a given modulator configuration depends 
on the difference in sideband transmission and is useful for quantifying the level 
of  RAM. 
2.6.1.1 RAM due to etalon effects and polarization misalignment 
      The largest contribution to RAM in EOMs that are not AR coated is due to 
etaloning and is introduced when the incident light field interferes with its own 
partial reflections within the electro-optic medium causing the EOM to act as a 
dielectric filled Fabry-Perot etalon [5, 7, 76]. Fabry-Perot cavities are important 
elements used in laser resonators and high resolution spectroscopic techniques. 
The basic Fabry-Perot cavity consists of two mirrors separated by a distance L. 
Here the incident light is split into different components and each component will 
interfere together undergoing multiple reflections. 
 
 
 
 
 
 
 
Figure 2.9  A Fabry-Perot cavity with both mirrors transmits and reflects the incident 
light. 
         For two mirrors M1 and M2 separated by a distance L (Figure 2.9) with 
reflectivity 1r and 2r  and transmissivity 1t  and 2t , the resultant electric field of 
the transmitted light is given by [34, 65]:       
A 
   t1, r1 
 
 
 
   t2, r2 
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where tii eEE 00
ω=  is the incident electric field at the input face A, 0E is the 
peak amplitude of the incident field, and 0ω is the angular frequency of the optical 
field. The term φ2ie− is the additional phase factor for each round trip inside the 
cavity.  Here the phase shift of the light Ln
λ
πφ 2= , where λ is the wavelength of 
the light field, L is the distance between the mirrors and n is the refractive index 
of the medium. Substituting the refractive index and phase change due to the 
applied sinusoidal electric field in Equation 2.8 and 2.10 into Equation 2.20 gives 
the amplitude modulation that arises due to etalon effects on phase modulation, 
whose magnitude increases with the mirror reflectivity. 
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The transmitted light intensity is written as: 
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Equation 2.22 is the well known Airy function for transmission. 
         The etalon effect can in part be alleviated by adjusting the incident field 
angle. Hence, with careful adjustment of the angle of incidence of the optical field 
at the EOM, the overlap between the incident beam and its partial reflections     
can be reduced allowing them to be separated, thereby lowering the level of          
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RAM [5, 7]. The multipass effects were excluded by angling the EOM crystal end 
facets to the incident laser beam. However, the remaining single pass component 
of RAM [~ (10-5 to 10-3)] was much more difficult to analyse or remove. It has 
also been reported [5] that the RAM component due to single-pass through the 
medium will vary for different EOM crystals, for example, ADP instead of 
LiTaO3 or different batches of modulators with the same crystal material. 
However, this is only partially successful as changing angle affects the effective 
polarization of the incident field. In addition, geometrical considerations such as 
the size of the beam and the EOM also limit the angle of incidence to less than    
10 degrees. Thus it is impossible to completely remove the RAM produced by the 
etalon effect, but rather it can be reduced to around 10-5 after angling the incident 
beam to about 3 degrees, in the case of a LiTaO3 modulator [5, 7].  
         Another factor that produces RAM is the polarization misalignment of the 
beam transmitted through the EOM. This RAM can be easily annulled by 
allowing one of the two transverse principal axes of the EOM crystal to be 
perfectly aligned with the polarization of the light incident on the crystal. It was 
reported that the amplitude noise that arises from the polarization misalignment in 
a LiTaO3 phase modulator in FMS can be suppressed down to the shot noise level, 
using an active servo method [10]. Here, the RAM was cancelled by rotating the 
crystal’s principal axes, which was realized by applying an appropriate DC servo 
voltage to the crystal. In this case the amplitude noise disappears as the phase 
modulated output beam does not see the crystal birefringence, since one of the 
crystal’s principal axes is perfectly aligned with the polarizer. Section 2.6.2 
describes various RAM reduction techniques that are discussed in the current 
literature. 
2.6.2 Reduction of RAM 
         In all spectroscopic techniques the basic aim is to detect the weak amplitude 
modulated absorption signal at the modulation frequency and therefore any 
amplitude noise will affect these high sensitive detection schemes and hence 
should be kept to a minimum. A number of techniques have been proposed over 
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many years to overcome the spurious AM produced as a result of the phase 
modulation process external to the laser [4-7, 9-16]. Gehrtz et al. [5] used a 
double beam single detector technique for suppressing the RAM that permits 
quantum limited measurements in laser frequency modulation spectroscopy.   
Here, the RAM signal is moved out of the detection frequency band for obtaining 
a shot noise limited condition in the frequency region of interest. Another 
approach is to employ a double modulation, where the second modulation is used 
to modulate the signal at a frequency beyond the residual noise spectrum [10, 77]. 
Wong et al. [10] used a different technique that involves an active servo to 
suppress the RAM to the shot noise limit. 
    Whittaker et al. [17] proposed an alternative approach in which two 
harmonically related, appropriately phase shifted radio frequency waves were 
applied to the EOM to achieve shot noise limited sensitivity in FMS. These 
waveforms when adjusted properly in phase and amplitude can reduce RAM 
down to the expected shot noise level, consequently recovering the weak 
absorption signals from the sample. The laser frequency dependent component of 
RAM that arise due to multipassing fringe effects within the EOM (as discussed 
in Section 2.6.1.1) are much easier to reduce by angling the EOM with respect to 
the input beam. However the laser frequency independent RAM component when 
the interference effects are excluded called ‘dc-RAM’, is much difficult to analyse 
due to its irreproducible nature [7]. Moreover, significant changes in RAM were 
observed with different EOM crystal materials, and different beam paths through 
the same crystal. The RAM contaminated FMS will display additional noise,  2 to 
3 orders of magnitude on the top of the fundamental limit of quantum noise that 
arise due to the baseline and other noise problems.  
         Du Burck et al. [11] reported the occurrence of RAM and its reduction, in 
simulated Raman spectroscopy studies of the hyperfine splitting in the ground 
state of iodine. The RAM distorts the transition line shape but can be suppressed 
with a proper choice of the detection and modulation parameters. Recently,       
Du Burck et al. [16] developed a narrow band controller for the reduction of RAM 
in FMS in the megahertz range. It has been reported that the RAM was reduced to 
the level that produced line shifts of tens of kilohertz or less with careful 
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alignment of the laser beam through the EOM [4].  Using these RAM reducing 
methods, the level of RAM can be decreased to the 10-5 or 50 dB below the DC 
level. This means that the AC oscillation of the intensity of the phase modulated 
field is 100 000 times smaller than the DC signal on the detector.  
 
2.7 Nonlinear optical effects in inorganic crystals  
      The hypothesis tested in this thesis is whether residual amplitude modulation 
can arise because of the nonlinear optical effects in the inorganic crystals used in 
EOMs. Nonlinear optical effects occur in the presence of a strong optical field, 
where the response of a medium is a nonlinear function of the light’s electric field 
strength.  These effects are a result of the anharmonic oscillations undertaken by 
electrons that interact with the light. Nonlinear optical phenomenon can be 
described by expressing the polarization of the material P(t) in terms of the 
strength of the applied electric field E(t) and is given by [78]: 
                                                    ( ) ( ) ( )( ).....)t(E)t(E)t(E)t(P +++= 332210 χχχε                             (2.23)      
                                             ............)t(P)t(P)t(P)t(P NLNLL +++= 32                                   (2.24)                                                                                                                
          Here, 0ε  is the permittivity of free space, the constants ( ) ( ) ( ).......,, 321 χχχ
denote the linear and nonlinear electric susceptibility of the material and the 
subscripts L and NL refer to the linear and nonlinear terms. The linear 
polarization term ( ) )t(E)t(P L 10χε=  corresponds to the linear response of the 
medium to light levels. The time varying nonlinear polarization terms that drive 
the electric field are responsible for new components and phenomena of             
the electromagnetic field, which are not present in the incident radiation. The 
second order nonlinear optical interaction expressed as, ( ) )t(E)t(P NL 202 2χε=
occurs in noncentrosymmetric medium while the third order nonlinearity, 
( ) )t(E)t(P NL 3303 χε=  appears in both centrosymmetric and noncentrosymmetric 
media [78].  
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         The linear electro-optic effect or Pockels effect is a second order nonlinear 
effect, which occurs in ferroelectric crystals such as LiNbO3, BaTiO3 LiTaO3 etc. 
These crystals also possess third order 3χ  nonlinearity in the form of intensity 
dependent refractive index changes. Some of the physical processes that produce 
these refractive index changes include saturated atomic absorption, self-focusing, 
self-defocusing, photothermal effect, photorefractive effect etc. All polar or 
ferroelectric crystals such as inorganic crystals are noncentrosymmetric and can 
display light intensity dependent effects. All these mechanisms except the 
photorefractive effect produce small refractive index changes, which is sufficient 
to produce dramatic nonlinear optical effects. Alternatively, the photorefractive 
effect leads to strong nonlinear response and hence it is usually cannot be 
described by the nonlinear susceptibility ( )3χ  [78], but with a dominant charge 
transport mechanism [79], which will be discussed in Section 2.7.1. From         
Equation 2.23,  the refractive index change due to the nonlinear polarization can 
be written as: 
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where, ijkr  is the linear electro-optic coefficient and is related to the second order 
susceptibility 
( )2
ijk
χ and ijkls is the quadratic electro-optic coefficient which is 
related to the third order susceptibility 
( )3
ijkl
χ  .  
2.7.1 Photorefractive effect   
       The photorefractive effect is the change in refractive index of certain classes 
of materials under inhomogeneous intensity illumination. This effect is observed in 
photoconductive materials that exhibit linear electro-optic effect, such as LiNbO3, 
LiTaO3, BaTiO3, KNbO3 etc.  
         The photorefractive effect was first observed in 1966 by Ashkin et al. in 
LiNbO3  and LiTaO3 crystals [19] that limits the traditional use of these materials in 
electro-optic modulators, optical frequency converters etc. Two years later       
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Chen et al. [80] proposed the use of this effect in holographic data storage. This 
effect is usually referred as ‘optical damage’ and is due to the drifting of 
photoexcited electrons from the illuminated region to the peripheral dark region of 
the crystal. In the brighter region, the electrons are photoexcited from the impurity 
atoms into the conduction band, where they move under the influence of various 
charge driving forces and ultimately recombine with impurity ions in the darker 
regions. This redistribution of photoexcited electrons forms a space charge field, 
which causes a refractive index change via the linear electro-optic effect of the 
material. At relatively low intensities, the photoinduced change in refractive index 
in most photorefractive materials can be written as: 
SCijkPR Ernn
3
2
1
−=∆                                                     (2.26) 
         Here SCE is the photoinduced space charge field that is proportional to      
the incident intensity. According to Equation 2.7 a good phase modulator is      
one which uses the highest electro-optic coefficient 33r  (LiNbO3 crystal), where 
the reduced subscript notation ijr  was used. However, this will increase the 
photoinduced refractive index changes as given by Equation 2.26. This means that 
a good EOM is often susceptible to optical damage through photorefractive 
effects in the electro-optic crystal. 
          It has been reported that in  LiNbO3,  the refractive index in the illuminated 
region decreases by about 10-3,
 which causes the light to deviate from the 
illuminated region and hence makes this crystal unsuitable for various 
applications [47]. The recombined electrons are trapped and are immobile unless 
re-excited back into the conduction band. This means that the space charge field 
formed persists even when the illuminating beam is turned off. The most widely 
used and simplest model of photorefractive charge transport is the one centre 
model proposed by Kukhtarev et al. [79]. Here the electrons from the deep filled 
centres are photoexcited into the conduction band and free electrons from the 
conduction band recombine with empty traps.  
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Figure 2.10 The simplest one centre model for charge transport in photorefractive 
crystals. 
         The photoconduction and charge driving forces behind this effect can be 
generally categorized into diffusion, drift and bulk photovoltaic effects [81]. The 
drift electric field is formed due to the Coulomb interaction with the charge 
carriers. The drift current consists of the externally applied field EA, the space 
charge field  ESC, and the pyroelectric field  Epyro and is written as: 
)( pyroSCAdrift EEEJ ++= σ                                                (2.27) 
where σ  is the photoconductivity. The pyroelectric field is generated by heating 
the crystal and is in the order of tens of kV/cm for highly absorbent crystals. 
     The diffusion current arises due to the spatially varying charge carrier density 
under inhomogeneous illumination and is given by: 
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For simplicity, the charge carriers are assumed to be electrons, where e is the 
electronic charge, D is the diffusion tensor and Ne is the density of the charge 
carriers. 
         The bulk photovoltaic effect also called the photogalvanic effect is a new 
form of charge transport proposed by Galss et al. in 1974 in LiNbO3 crystal [82]. 
The bulk photovoltaic effect is a characteristic of noncentrosymmetric crystals 
that depends on light intensity and is due to the steady state photovoltaic current 
that arises from light absorption and subsequent excitation of charge carriers into 
the conduction band. It is usually represented in the scalar form: 
                                              IGJ phv α=                                                           (2.29) 
From Equation 2.29 the stationary photovoltaic field in the case of diffusion-drift 
equilibrium can be represented as [48]: 
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==                                                (2.30) 
where 𝛼 is the absorption coefficient, I is the intensity, G is the Glass constant,     
𝜎𝑑 is the dark conductivity and 𝜎𝑝 is the photoconductivity.  
         The total current J due to drift (Jdrift), diffusion (Jdiff) and the bulk 
photovoltaic effect (Jphv) is given by [48, 81]: 
         IG
dz
dN
eDEEEJJJJ epyroSCAphvdiffdrift ασ ++++=++= )(           (2.31) 
         In the case of LiNbO3 the diffusion current can be neglected since the 
dominant charge transport mechanism is the bulk photovoltaic effect [82]. Hence 
at steady state, J=0 and assuming the pyroelectric field to be very low, the 
photorefractive contribution in the absence of an externally applied field is given 
by the bulk photovoltaic effect and is expressed as: 
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Hence the photoinduced change in refractive index in Equation 2.26 can be   
written as:  
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+
=∆                                                  (2.33) 
Here n is the homogeneous refractive index, effr  is the electro-optic coefficient of 
the material. Equation 2.33 states that the light propagating through ferroelectric 
crystal alters the refractive index through photorefractive effect and the index 
change is proportional to the intensity and the absorption coefficient of the   
medium [83]. Therefore, for a non-uniform field distribution (i.e. light that is not a 
true plane wave), an inhomogeneous refractive index distribution is created within 
the medium. The magnitude of photorefractive index change depends on the 
polarization of the incident laser beam with respect to the optic axis of the crystal. 
Hence for LiNbO3 crystal the combined equation for the resulting changes in 
photoinduced refractive index for extraordinary (e) and ordinary (o) rays is 
expressed as: 
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where
)(oen , )13(33r and )(oeα represent the refractive indices, electro-opric coefficients 
and absorption coefficients for the e and o rays, respectively. 
         The photorefractive index change is semipermanent and is known to remain 
in the crystal where part of it fades within a few hours and other part will remain 
for days or even months. This remaining part can be removed only by heating the 
crystal over 170°C causing the thermal excitation of trapped charges at the 
periphery of the incident beam into the conduction band [47]. Another method to 
erase the induced refractive index changes is by flooding the crystal with uniform 
illumination [20, 21] or with a larger diameter light beam, which causes the 
trapped charges at the boundary of the original beam to photoexcite and retrapped 
at the boundary of the erasing beam [19]. It has also been reported that the 
induced index changes can be erased by illuminating the crystal either by an 
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incandescent lamp or with a mercury discharge lamp [47, 84].  Furthermore, the 
charge transport in undoped LiNbO3 crystal differs from that of doped crystal. 
Zong et al. [52] reported that photorefraction or optical damage in LiNbO3 can be 
reduced by doping the crystal with MgO, where the improved resistance to optical 
damage was due the increase in  photocondunctivity [49].  
         One of the major factors for the photosensitivity of LiNbO3 is the intrinsic 
and extrinsic defects in the crystal [85]. The extrinsic defects arise from impurities 
and dopants within the crystal that include the transition metal impurities such as 
Fe, Cu, Cr, Ni etc. [86]. The primary centres or the deep levels are usually related 
with extrinsic defects. These impurities induce localized energy levels within the 
forbidden gap that produce photorefraction. The extrinsic defects enhance the 
light absorption in MgO:LiNbO3, but the photorefraction due to light absorption  
is less compared to congruent LiNbO3.  Intrinsic defects mainly arise from antisite 
defects NbLi and are usually present in high concentration in both congruent and 
stoichiometric crystals. These defects give rise to shallow intermediate energy 
levels usually called the secondary centres beneath the conduction band [85]. 
These levels get populated during the photoexcitation from deep centres.  
 
 
 
 
 
 
    
 
 
 
 
Figure 2.11 The two centre model for photorefractive charge transport. X1 and X2 
correspond to deep and shallow levels, respectively. 
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The presence of secondary centres is of utmost importance in the photorefraction 
as the shallow trap charge concentration is strongly intensity dependent.              
Brost et al. [87] examined the intensity dependent absorption and photorefraction 
in BaTiO3 and the absorption characteristics are attributed to the presence of 
secondary centres. Here the magnitude of the space charge field was found to be 
strongly dependent on the incident field intensity. Figure 2.11 depicts the 
photorefractive two centre model that incorporates both deep and shallow levels. 
Intensity dependent photorefraction can also be due to the light induced 
redistribution of electron between the deep and shallow impurity levels [88].  
       Another property of photorefractive effect is the temporal fluctuations of the 
photorefractive space charge field. Xie et al. [89] reported that the temporal 
fluctuations are due to the intrinsic properties of the photorefractive effect rather 
than external noise such as vibrations of optical table etc. Here the photoexcitation 
as well as the much smaller thermal excitation induce fluctuations in free charge 
carriers. This result in the temporal fluctuations in the photorefractive space 
charge field, which are quite high in crystals with both deep and shallow 
photorefractive charge centres [89]. 
         In most photorefractive crystals the primary source of photorefractive charge 
carriers comes from the extrinsic Fe impurities that usually present in both doped 
and undoped crystals. The influence of extrinsic impurities in the light absorption 
characteristics of undoped congruent LiNbO3 and MgO doped LiNbO3 was 
investigated in detail by Schwesyg et al. [86]. In the case of undoped congruent 
LiNbO3 it was usually considered that Fe is the only contributor. Instead, the 
absorption peaks observed for congruent LiNbO3 were due to a number of 
transition metal impurities such as Cr, Ni, Cu and Mn that significantly 
contributes to the light absorption and photorefraction.  
         From the studies of the absorption spectra of MgO:LiNbO3, pronounced 
absorption peaks were obtained at wavelengths ~ 500 nm due to the significant 
contribution of transition metal impurity, chromium (Cr) besides Fe impurities. 
However, one merit with the Cr impurities in MgO:LiNbO3 is that it has a low 
optical absorption for the extraordinary ray than ordinary ray, which is important 
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in the design of nonlinear optical devices where the extraordinary light  is used 
due to its large nonlinear coefficient.  
         In the case of LiNbO3 free from Fe, the photorefraction can be explained by 
the intrinsic NbLi lattice defects. However, for slightly doped MgO:LiNbO3, Mg
  
replaces the antisite NbLi and occupies the Li sites [90], which results in an 
increase in photoconductivity due to the reduction in NbLi concentration. In the 
case of high MgO doping (above threshold), after filling all the NbLi antisites Mg 
starts to occupy both Li and Nb sites, which also reduce the photorefraction         
at least two orders of magnitude compared to undoped LiNbO3. For MgO, the so 
called threshold concentration of optical damage ~ 5 mol% is actually the 
minimum concentration needed to remove all the NbLi antisites. Optical cleaning 
and reduction in photorefraction basically means the purification of crystals from 
charge carrier sources or impurities. 
2.7.1.1 Photorefractive Self-focusing and Self-defocusing  
         Self-focusing and self-defocusing are the two main manifestations of 
refractive index changes in photorefractive media.  These effects are examples of 
the impact of photoinduced refractive index changes on the beam. When a 
Gaussian beam is incident on a photorefractive medium, the refractive index 
change is maximum or minimum on the beam axis depending on whether the 
material is focusing or defocusing. In self-focusing photorefractive material the 
region close to the beam axis will encounter a larger refractive index change 
compared to the periphery, which results in beam slowing down at regions far 
from the beam axis. This will make the beam to concentrate into a region on the 
beam axis, which ultimately results in the beam self-focusing within the medium. 
In self-defocusing photorefractive materials, the change in refractive index is 
negative, where the refractive index is minimum on the beam axis and hence the 
beam speeds up in the central region relative to the periphery. This results in the 
bending of the beam away from the beam axis, which is the characteristic of self-
defocusing medium. The general expression for the third order intensity 
dependent refractive index of the medium in both these cases is given by [91]: 
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Here n  is the homogeneous refractive index of the medium and 2n is the       
photoinduced refractive index change when illuminated by a field with                 
an intensity of 1 Wm-2, and 0I  is peak intensity of the optical field. For a         
self-focusing medium 02 >n , while for a self-defocusing medium .02 <n         
Equation 2.35 clearly shows that the photorefractive medium (self-focusing/self-
defocusing) has a quadratic refractive index profile, which implies that the 
refractive index of the medium varies quadratically with the radial distance r from 
the optical axis. 
         In general, self-focusing and self-defocusing refer to the decrease or increase 
in the diameter of a Gaussian beam due to the third order nonlinearity of the 
photorefractive crystal. However, this is not always the case. Recently, it was 
found that an anomalous self-defocusing effect occurred in photorefractive 
BaTiO3 crystal, where a significant reduction in the diameter of the output beam 
was observed than that was expected as shown in Figure 2.12 [91-93]. 
 
 
 
 
Figure 2.12 The anomalous behaviour of photorefractive self-defocusing. 
         This apparent self-focusing in a photorefractive self-defocusing medium is 
due to the imaginary part of intensity dependent refractive index of the medium. 
In most photorefractive media the intensity dependent refractive index in            
Equation 2.35 possess both real and imaginary parts. The real part is responsible 
w0 
    
z 
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for the intensity dependent refractive index change of the medium while the 
imaginary part gives the intensity dependent absorption or transparency of the 
medium [92].  
2.7.1.2 Photorefractive Beam fanning  
         Another type of photorefractive self-defocusing is optical beam fanning 
which was first reported in four wave mixing experiments in BaTiO3 crystal [22].  
The space charge field formed on nonuniform illumination induces a strong 
refractive index variation, which causes the incident laser beam to fan out 
asymmetrically. The fanning effect has also been observed in other 
photorefractive materials such as LiNbO3  [94-98], strontium barium niobate 
(SBN) [99] and in photorefractive polymer composites [100, 101]. The presence 
of beam fanning is detrimental in the application of these materials in electro-
optic devices. 
                  
 
     
Figure 2.13 Geometry of optical beam fanning in a photorefractive crystal. 
         Beam fanning occurs due to the coupling between the incident and scattered 
beams within the crystal. The energy coupling eventually results in significant 
reduction in the intensity of the incident beam and the direction of fanning is 
determined by the direction of the optic axis of the crystal (Figure 2.13). As the 
essence of beam fanning is the energy transfer between the incident beam and the 
many scattered beams, it can be explained in terms of a multiwave mixing  
process [102, 103]. In that case, the strength of the fanning depends on the 
coupling coefficient of photorefractive materials. Crystals such as LiNbO3, 
BaTiO3 and  SBN possess large coupling coefficients, and hence scattering, even 
though weak, cannot be ignored in these crystals because the amplification factor 
Optic axis Fan 
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is an exponential function of the product of the interaction length and coupling 
gain [102]. Numerous studies were conducted to uncover the process that initiates 
the scattering effect in the crystal, which led to the understanding that it originates 
from the surface imperfections or from the impurities and defects that are usually 
present in all photorefractive crystals [19, 94, 104, 105].  In BaTiO3 the fanning of 
the extraordinary ray is much greater than that for ordinary ray, but the maximum 
fanning occurred at an intermediate angle, 0 < θ < 90, between the incident beam 
and the c-axis of the crystal [22].  
         In general there are two types of beam fanning; the deterministic beam 
fanning and random beam fanning [106]. The deterministic beam fanning is the 
whole beam effect in which the trapped charges follow the incident beam profile 
and the space charge field follow a spatial integral of the trapped charges, while 
the random beam fanning is due to the amplification of scattered light that 
originates from crystal defects through two beam coupling [106-108]. Therefore, 
the resultant photorefractive index change is due to self-defocusing resulting from 
the incident Gaussian profile, and the photorefractive amplified scatter from 
impurities or defects. Hence Equation 2.35 can be rewritten as: 
 
                                     










+−=∆








−
s
w
r
neInrn δ
2
22
02)(                                      (2.36) 
          Here the first term gives the magnitude of the intensity dependent refractive 
index change ( )02 Inn G =∆ due to Gaussian spatial profile of the field     
(Equation 2.35) and the second term snδ is the level of scatter that is proportional 
to intensity. Since the medium is self-defocusing ( 02 <n ) both Gn∆  and snδ act to 
reduce the refractive index. It has also been reported that in doped LiNbO3 
crystals, photorefractive self-defocusing effect is dominant for small incident 
beam size, whereas for large beam size the light induced scattering gets stronger 
and finally overwhelms the self-defocusing effect [109]. Furthermore, the 
deterministic beam fanning in LiNbO3 is due to the dominant bulk photovoltaic 
effect [82] that results from a steady state current caused by the absorption of 
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incident light. Bunsen et al. [110] related the fanned output and the generated 
noise to the formation of a random wavefront within the crystal in the direction of 
the optic axis (Figure 2.14). 
 
   
Figure 2.14  Random wavefront formation in the direction of beam fanning in a 
photorefractive crystal due to a single impurity. 
 
         Asymmetric photorefractive beam fanning is considered to be one of the 
basic manifestations of photorefractive nonlinearity. Zozulya et al. [111] 
described fanning as a nonlinear interaction between the different harmonics        
in the electromagnetic Fourier spectrum of incident radiation within the 
photorefractive medium. This asymmetric photorefractive scattering causes         
the amplification of some Fourier harmonics at the expense of others. This 
eventually results in a change in the Fourier spectrum of the light and appears as                   
an additional noise at the output spectrum. The noise generated by the beam 
fanning can also be provided by the beam itself as a result of the imperfections 
already present in the input beam due to any beam distorting input optics.      
Zhang et al. [97] investigated the light amplification competition between the 
incident beam and fanned output in a doped LiNbO3 crystal. Here the main 
component of the fanning arises due to the amplified photorefractive scattering off 
the defects and impurities on the surface or within the crystal.  
          In order to get noise free and highly efficient output beam, a number of 
techniques have been proposed to suppress the light induced scattering in 
photorefractive crystals, especially those with large coupling coefficient [94-96, 
98, 102]. The beam fanning can be reduced by the photorefractive erasure 
technique or by optimizing the crystal through doping with damage resistant 
Optic axis Random 
wave front 
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dopants [98]. It has been reported [112] that beam fanning will disappear on 
doping the crystal with Mg2+,  Zn2+ or In3+ with the doping concentration above 
the threshold concentration. They also found that in LiNbO3 doped with MgO, the 
photorefractive light induced scattering is strongly dependent on the incident 
intensity and the fanning effect will not be observable below a threshold value of 
the incident light intensity. On the contrary, significant fanning has been observed 
in doped crystals because dopants acts as additional scattering centres [94]. Hence 
there is a trade-off between the increase in photorefractive sensitivity and 
contribution of fanning noise. The suppression of beam fanning in near 
stoichiometric LiNbO3 induced by a 532 nm input beam has been achieved by UV 
radiation due to the increase in photoconductivity [96]. The photorefraction in 
doped and undoped LiNbO3 is attributed to the much higher photovoltaic field in 
these crystals. When intense UV light is superimposed on the green light path, the 
photoconductivity increases while the photovoltaic field gets smaller that 
ultimately causes the suppression of fanning noise. Another method to decrease 
the fanning effect is by flooding the crystal with another laser beam in a direction 
opposite to that of the direction of the incident beam [22]. This reduction in beam 
fanning is due to the erasure of the initial refractive index pattern by the second 
beam. 
2.7.2 Photothermal effect  
         Optically induced heating leads to inhomogeneous temperature distribution 
that changes the refractive index due to the absorption of incident light by            
the medium. The change in refractive index due to thermal effect can be       
written  as [113]: 
T
dT
dnnth ∆=∆                                                    (2.37) 
where 0TTT r −=∆  is the temperature gradient across the nonuniform Gaussian 
profile at a radial distance r  from the beam axis, and dn/dT gives the temperature 
dependence of refractive index of the medium known as the thermo-optic 
coefficient.  
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          The temperature dependence of the optical properties of ferroelectric crystals 
has been widely investigated [51, 84, 86, 114-117]. The photothermal effect causes 
significant changes in the refractive index, where the index fluctuates until it 
reaches an equilibrium value. For example, at input powers of several hundreds of 
milliwatts, it takes more than ten minutes for a crystal that is not under the 
influence of any heat source to reach a thermal equilibrium [117]. It was further 
observed that in BaTiO3 crystal, the absorption of 900 mW optical beam causes a 
change in the extraordinary index by more than 10-2 due to the change in surface 
temperature of the crystal by more than 40 oC. 
          In the case of MgO doped LiNbO3,  Equation 2.37 can be written as [114]: 
dT
dnIw
nth
κ
α
2
2
=∆                                               (2.38)
                                                         
 
Here, 𝛼 is the absorption coefficient of the medium, I is the light intensity, w is the 
beam radius, κ  is the thermal conductivity of the crystal and dn/dT is the linear 
thermo-optic coefficient.  
         The photothermal effect is capable of producing lensing effect called 
thermal lensing, which becomes strong at high incident intensities. At low 
incident intensities the thermal lens formed is very weak and is completely 
dominated by photorefractive effect [109]. The origin of refractive index changes 
in congruent and stoichiometric MgO:LiNbO3 caused by photorefraction and 
thermal effects has been investigated by Palfalvi et al. using the z-scan         
method [51, 116]. These studies show that in 5 mol% MgO doped congruent 
LiNbO3 photorefraction dominates among the other nonlinear effects, while 
photothermal effect is responsible for the changes in MgO doped stoichiometric 
LiNbO3. The light absorption studies in congruent and MgO doped LiNbO3 in the 
visible wavelength range demonstrate that for MgO:LiNbO3, the total optical 
absorption is smaller for the extraordinary ray compared to ordinary ray [86].  
         The pyroelectrically induced photorefractive damage in MgO:LiNbO3 has 
been investigated recently [84]. In this study the effect of temperature increase on 
photorefraction was investigated by illuminating the crystal in the 100 mW/cm2 
regime and simultaneously heating the crystal by several degree celsius. Here      
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the significant beam distortion on heating, observed at the output beam, was 
attributed to the combined effect of the induced pyroelectric field and the field due 
to beam self heating caused by absorption. The pyroelectric field produced via 
simultaneous electrical and optical heating are large enough for its effect on the 
charge transport mechanism in the crystal that eventually enhances the 
photorefractive effect [118]. 
2.8 Laser beam spatial profile 
      The nonlinear optical process that will occur in photorefractive media will 
depend strongly on the laser beam spatial intensity distribution. Most lasers 
typically emit a beam with a TEM00 Gaussian intensity profile. However, in some 
laser applications, it has been shown that better results can be obtained with other 
beam profiles. For example, laser beams with an intensity pattern other than the 
ideal Gaussian beam has been proposed to use in future gravitational wave 
detectors for better sensitivities [119, 120].        
2.8.1 Gaussian beam theory  
         The electromagnetic field distribution at the output of a TEM00 Gaussian 
intensity profile is given by: 
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Here, 0E  is the maximum field amplitude, 0w  is the beam waist (the minimum 
spot size at 0=z ), 
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Figure 2.15 The intensity profile and phase fronts of a Gaussian beam as a function of 
propagation distance, z. 
Figure 2.15 shows the propagation of a Gaussian beam. For large propagation 
distance Rzz >> , 





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≈
Rz
zw)z(w 0 and the half angle beam divergence of the 
Gaussian beam in a homogeneous medium is given by:  
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θ =≅                                                (2.40) 
where λ  is the wavelength of the beam and n is the refractive index of the 
medium. Equation 2.40 is the half angle divergence in the far field for an ideal 
Gaussian beam. In actual cases the beam is not TEM00 and Equation 2.40 
becomes: 
                                        θπ
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θ 2
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M ==∗                                               (2.41) 
The parameter 2M  is known as the beam quality factor that measures the quality 
of the laser beam ( 12 =M  for an ideal Gaussian beam). For beam profiles that are 
poorer approximation of this Gaussian mode, 12 >M , resulting in a higher beam 
divergence compared to the fundamental Gaussian mode.     
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2.8.2 Beam shaping optical system design  
         Since the photorefractive effect depends on the laser beam intensity profile, 
it is likely that the control of the incident beam profile may lead to a reduction in 
RAM at the output of the modulator. Beam shaping is the redistribution of the 
intensity and phase of the beam that defines the profile and beam propagation 
properties [121]. The general methods for beam shaping include aperturing, field 
mapping and beam homogenizing [121]. Aperturing is the simplest, but has the 
drawback of high energy loss, while the other two are low loss or lossless 
methods. Field mapping is considered to be the basis of all beam shaping, where a 
set of optical elements can be used to transform a given input field into the 
required output field in a controlled manner. 
 
                         
 
 
 
Figure 2.16 A general beam shaping technique (Field mapping). 
 
          The basic concept of field mapping in the case of a uniform intensity output 
profile is shown in Figure 2.16. Here an input single mode Gaussian beam            
is transformed in the shaping plane so that it forms a uniform irradiance at the 
output plane. Even though field mappers can be lossless they are very sensitive to 
alignment errors and changes in the incident beam size [122].  
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 2.8.3 Reshaping of Gaussian beam into Flat-top profile 
          The two well known beam profiles that have been investigated widely are 
the top-hat or flat-top profile and the doughnut mode. Different methods and 
theoretical approaches have been proposed to convert a Gaussian beam into these 
intensity patterns that include the phase plate, holographic techniques like 
computer generated holography, diffractive and refractive optical systems           
etc [119-140]. 
         High quality flat-top beams are used to improve the sensitivity of 
interferometric gravitational wave detectors [120, 133], and in ultracold atom 
experiments where the uniform intensity profile lessens the undesirable spatial 
inhomogeneities thus generating controlled laser beams to form standing wave 
optical lattice setup [140]. A laser beam with uniform intensity profile or flat-top 
profile can be obtained by a number of techniques and systems, which include the 
spherical aberration phenomena [123], abrupt taper [132], refractive optical 
system [127], diffractive optical element based on scalar diffraction theory [122] 
vectorial beam shaping using phase masks [128], phase plates [124],         
apodization [129] and holographic method [126, 130]. Among these techniques 
diffractive optical element based beam shaping is at forefront due to its quality 
output and ease of use. Diffractive optics can be used to realize a number of 
applications that seems to be unachievable with other techniques like the 
refractive optical systems [125]. A diffractive optical element (DOE) is a new 
class of optics that operates on the principle of diffraction to control wavefronts, 
which include diffraction gratings, diffractive lenses, and computer generated 
holograms (CGH). A DOE uses phase modulation of the light instead of 
amplitude modulation. In general, a diffraction grating can be formed either by 
mechanical ruling of metalized substrates using fine diamond or by the 
interference of two laser beams recorded on a light sensitive substrate or 
photoresist [139]. The latter is called holographic diffraction grating and is 
actually the recording of the interference pattern between a reference beam (E1) 
and the desired beam of interest (E2), which carries the information to be stored in 
the hologram (Figure 2.17). 
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Figure 2.17 Graphical representation of writing and readout geometry of a diffraction         
grating; θt is the half angle between the two interfering light fields E1 and E2  that impinge 
on a photosensitive material. E3 is the electric field amplitude of the readout beam. 
         Consider, for example, the interference of a reference Gaussian beam and a 
flat-top intensity profile or a higher order Super-Gaussian beam, incident at an 
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where ( ) 2122 yxr += , k  is the wave number, w is the beam radius and N is the 
order of the Super Gaussian beam. For special cases, N = 2, the intensity profile is 
the fundamental Gaussian. Here the cosine term is responsible for the interference 
pattern and the desired beam of interest, the Super-Gaussian beam, can be 
obtained by illuminating the hologram by another Gaussian beam (E3) similar to 
the original reference beam, as shown in Figure 2.17. The sinusoidal groove 
profile is the standard groove shape for many holographic gratings. However,       
a DOE with a sawtooth groove profile can be designed to function in the first 
diffraction order (±1) by selecting the correct grating period (Figure 2.18). Here, 
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the intensity of the first order diffraction spot is maximized using the blaze 
technique, which results in a blazed holographic diffraction grating [138]. 
                                                                                                           
 
  
    
 
 
 
 
Figure 2.18 The blazed grating profile.  𝜃𝑖 is the incident angle, 𝜃𝐵  is the blaze angle, 
and d is the line spacing. NG and NF are the grating normal and facet normal, respectively. 
          The flat-top holograms can be blazed based on the method proposed by      
R. Bowman et al. [134]. The standard plane phase grating that is blazed to get the 
maximum intensity in the first diffraction order is given by [134]: 
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Here, xp is the period of the grating that shifts the diffraction spot in the                
x-direction at a distance 
xp
fx λ=1 , where λ is the wavelength of the incident field 
and f is the focal length of the Fourier transform lens. The phase shift xφ is the 
resultant of blazing at Bθ  and the axial shift in x-direction. The axial shifting 
gives a complete control of the intensity maximized first order spot, without any 
overlap with the th0 order Gaussian. 
         Recently, spatial light modulators (SLM) as diffractive optical elements 
have attained much attention as they produce not only flat-top or doughnut beams 
but also other intensity distribution [135-137]. The phase distribution written on 
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the LCOS-SLM can be easily changed by projecting a CGH onto the SLM active 
area. The CGH contains all the information of the desired output, which changes 
the input beam accordingly when displayed. Hence a properly designed phase 
element can manipulate the light to almost any desired intensity profile. Some of 
the approaches that used to obtain the phase element are the stationary phase, 
optimization and the Gerchberg–Saxton techniques [121].  
          Romeo and Dickey [131] have obtained the arbitrary phase function for 
converting Gaussian into uniform profiles using the method of stationary phase. 
Here the phase, ψ of the shaping element is given by: 
 ϕβψ =                                                                        (2.44) 
  where, 
λ
πβ
f
iw 0022=  is the dimensionless shaping parameter and ϕ  is the 
general solution given by [131]: 
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beam, 
0i  is the half width of output spot size, f is the focal length of the Fourier 
transform lens and λ  is the wavelength of the incoming Gaussian beam. 
          The phase element for converting the Gaussian beam into a rectangular flat 
top is given by: 
)y()x( yyxx ϕβϕβ +                                             (2.46) 
Here, the beam shaping depends on the parameter β  and the usual method is to 
change the focal length of the Fourier transform lens by keeping β  constant. The 
parameter β  also sets the quality of the output. In the case of a circular or 
rectangular output, a value of 32>β  is desirable since diffraction effects should 
not degrade the output as in the case of 324 << β , where these effects are 
significant [121]. 
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2.9 Conclusion 
         The aim of this thesis is to contribute towards our understanding of the 
intensity dependence of RAM in EOMs when it is used as a phase modulator. To 
accomplish this aim, a detailed description of current literature that gives the 
required background information is outlined in this chapter.  
         The chapter introduced the fundamental principle behind the electro-optic 
phase modulation and then discussed the problem of RAM that limits the 
resolution and sensitivity of important optical systems that use EOMs for phase 
modulation. RAM arises from a manifold of effects, most of which have been 
explored in detail in the present literature, apart from the intensity dependent 
modulator induced RAM. This unknown RAM generated by the modulator itself 
arises from the nonlinear photorefractive effect in the electro-optic medium. The 
photorefractive erasure of this RAM is possible by homogeneously illuminating 
the medium with a larger diameter, intense laser beam. Since the photorefractive 
effect is dependent on the beam profile, a reduction in RAM may result through 
the proper control of beam profile using lossless beam shaping techniques. 
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         The residual amplitude modulation (RAM) in electro-optic phase modulator 
is detrimental in applications that require high purity phase modulation of the 
incident laser beam. This will become complex if the RAM has an intensity 
dependence. The major aim of this paper is to unveil the intensity dependence of 
RAM and analyse the origin of this nonlinearity.  
The specific aims of the article include: 
• A proper control and optimization of all the known parameters that 
produce RAM and set RAM to a minimum possible level. 
• Investigation of the intensity dependence of the remaining RAM. 
• A detailed analysis of the origin of the intensity dependent RAM. 
         In light of these aims, investigations were conducted to set an initial 
condition at which the known RAM producing factors such as polarization 
misalignment, etalon effects etc are adjusted so that the remaining RAM is at a 
minimum possible level. The polarization of the input beam was aligned in a 
direction parallel to the optic axis of the modulator crystal to optimize the phase 
modulation at the output. The angle of incidence of the laser beam at the EOM 
front face was adjusted through a range of ‒ 2.5 to 2.5 degrees to minimize RAM 
arising from the Fabry-Perot etalon effects. For experimental conditions used, the 
angle at which RAM minima was observed (~ 1.6⁰) was fixed for the entire 
investigation. This method excluded the RAM arising from multipassing effects 
and now the remaining RAM component (~ 10-5) is due to the single-pass 
contribution, which is much more difficult to analyse due to the ambiguity in its 
actual origin [5, 7].  
         The temperature of the crystal was passively stabilized through the EOM 
crystal mount which consisted of a metal enclosure that surrounded the entire 
crystal apart from the entrance and exit apertures. The crystal itself was placed on 
a thick metal baseplate that effectively acted as a heat sink, which minimized 
temperature fluctuations. In addition, all measurements were performed in an air-
conditioned environment that ensured that the ambient temperature did not 
fluctuate by more than 2 degrees over an 8 hour period. The RF drive power was 
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maintained (~ 0.02 W) well below the threshold value of 1 W for the modulator, 
above which, the thermal effects in the crystal can occur due to electric heating.  
         The detection time was fixed at 30 minute duration because of the 
acceptable reproducibility of the average RAM values. The influence of the input 
beam intensity on RAM was measured and the results show for the first time the 
dependence of the input intensity on the RAM.  
         The nonlinear optical effects that produced the intensity dependent RAM 
were investigated both experimentally and theoretically. The results show that the 
photorefractive effect in MgO:LiNbO3 crystal is the major phenomenon behind 
the intensity dependent residual amplitude noise. The thermal effects due to 
optical heating (photothermal effect) are not significant under the low intensity 
conditions (< 1 W/mm2) since the crystal used was 5 mol% MgO doped congruent 
LiNbO3. It has been reported that in 5 mol% MgO doped congruent LiNbO3 
photorefractive index changes are far larger than thermally induced refractive 
index changes produced by the optical beam [51]. 

Intensity dependent residual amplitude modulation
in electro-optic phase modulators
Juna Sathian* and Esa Jaatinen
Applied Optics and Nanotechnology Group, School of Chemistry, Physics and Mechanical Engineering,
Queensland University of Technology, PO Box 2434, Brisbane, Queensland 4001, Australia
*Corresponding author: juna.sathian@qut.edu.au
Received 22 February 2012; revised 23 April 2012; accepted 26 April 2012;
posted 27 April 2012 (Doc. ID 163305); published 1 June 2012
Residual amplitudemodulation (RAM)mechanisms in electro-optic phase modulators are detrimental in
applications that require high purity phase modulation of the incident laser beam. While the origins of
RAMare not fully understood, measurements have revealed that it depends on the beamproperties of the
laser as well as the properties of the medium. Here we present experimental and theoretical results that
demonstrate, for the first time, the dependence of RAM production in electro-optic phase modulators on
beam intensity. The results show an order of magnitude increase in the level of RAM, around 10 dB, with
a fifteenfold enhancement in the input intensity from 12 to 190 mW∕mm2. We show that this intensity
dependent RAM is photorefractive in origin. © 2012 Optical Society of America
OCIS codes: 230.2090, 190.5330, 120.5060, 160.3730.
1. Introduction
The electro-optic modulator (EOM) is a versatile
device that is used in a wide variety of applications
ranging from optical fiber communication [1], high-
resolution laser spectroscopy [2,3] to astronomy and
space technology [4]. In these applications and many
others, the EOM is used to phase modulate the opti-
cal field. However, it is well known that all EOMs
generate some unwanted residual amplitude modu-
lation (RAM) [3,5–8] that degrades the performance
of the system and ultimately limits its usefulness.
For example, EOMs are important components in
optical frequency references, with the frequency ac-
curacy dependent on the purity of the phase modula-
tion process [5,8]. Here any amplitude modulation
that the phase modulator produces will shift the fre-
quency of the locking point away from the desired va-
lue, thereby reducing the accuracy of the reference
[8]. While impossible to completely remove, much
work has been reported on minimizing RAM’s effects
[3,5–8].
RAM in EOMs is not the result of a single physical
mechanism but due to the combined effects of envir-
onmental, beam, and medium properties. Some
known causes of RAM are: etalon effects due to re-
flections off the crystal facets [3,7–10], temperature
variations within the crystal, as well as, spatial inho-
mogeneities of the electric field in the crystal [8,10].
The RAM produced when the incident field interferes
with its own partial reflections from the facets of the
electro-optic medium, causing the EOM to act as a
dielectric filled Fabry-Perot etalon has been well stu-
died [3,9]. This problem can in part be alleviated with
antireflection coatings and by adjusting the incident
field angle at the EOM [3]. Another study showed
that the temperature dependence of RAM is asso-
ciated with optical path and refractive index varia-
tions of the EOM crystal [10]. Temperature control
of the EOM crystal to a fixed point is thus important,
in order to suppress the long-term variation of
RAM to a sufficiently low level. It was also reported
that RAM can be generated because of a slight inho-
mogeneity in the electric field applied to the EOM
[10]. These investigations [3,5–13] showed that
while RAM produced by the modulator can be at high
1559-128X/12/163684-08$15.00/0
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levels >10−2 that by controlling beam angle, beam
polarization, and the temperature of the medium,
it is relatively straightforward to suppress RAM to
the 10−5 level [6,11–13]. While this is a practical and
useful outcome, our understanding of RAM is not
complete and observations such as its irreproducible
temporal behavior remain unexplained [3,7]. There-
fore, more is needed to be known about the physical
origins of RAM generated by EOMs so that it is not a
limitation in sensitive applications like optical fre-
quency references and gravity wave detectors.
Here we present results of an experimental and
theoretical evaluation of the dependence of RAM
generated by the phase modulator on the intensity of
the incident laser beam. These results show that
nonlinear optical effects in electro-optic phase mod-
ulators that use magnesium-oxide-doped lithium
niobate (MgO:LiNbO3) crystal as the electro-optic
medium produce considerable RAM even at low inci-
dent field intensities. Here we show that the non-
linear effects that cause the intensity dependent
RAM are photorefractive in origin. This finding is
somewhat surprising, as this medium has been delib-
erately engineered to have a much higher threshold
to photorefractive damage than undoped LiNbO3,
leading to it becoming the medium of choice for high
quality EOMs that operate in the green part of the
spectrum.
2. Measurement of RAM
Lithium niobate (LiNbO3) is one of the most com-
monly used ferroelectric crystals in phase modula-
tors due to its large electro-optic coefficients. Its
high mechanical and chemical stability, its suitable
physical properties and high optical homogeneity
are major factors that have led it to be used in a di-
verse array of commercial optical devices for more
than thirty years [14–16]. In 1966, Ashkin et al. [17]
reported that pure LiNbO3 suffers from optically in-
duced refractive index inhomogeneities, a drawback
in using these crystals as ideal phase modulators.
This effect, which is often referred to as “optical
damage” [18] is generally regarded as a visually ob-
served degradation of the spatial quality of the beam
transmitted through the modulator, due to light in-
duced refractive index changes. These photorefrac-
tively induced index variations were found to be
due to the drifting of photoexcited electrons from
illuminated regions to the peripheral dark regions
[18]. Since the optical damage threshold in commer-
cially available congruent LiNbO3 is in the range of
0.2 to 10 W∕mm2 [19] depending on how it is defined,
it was noticed that even moderate beam intensities
(e.g., 10 mW in a 0.25 mm diameter beam) caused
large refractive index inhomogeneities. In most cases
the optical damage threshold is defined as the inten-
sity required for the effects of optical damage to be
visually apparent, for example, the appearance of
significant distortions in the spatial distribution of
the beam that exits the modulator.
Over the course ofmany years,manufacturers have
investigated a range of growth techniques (e.g., stoi-
chiometrically grown, etc.) and dopants (Mg, Sc, Zn,
In, etc.) in order to reduce the nonlinear properties
of the medium to diminish any undesired behavior
such as optical damage [14,20–22]. These researchers
showed that MgO:LiNbO3 crystals with an MgO con-
centration of 4.6% or greater exhibit a high optical da-
mage threshold when compared to undoped LiNbO3,
due to a 100-fold increase in photoconductivity
[16,22]. This increase inphotoconductivitywasattrib-
uted to the occupation of Mg in the NbLi antisites,
thereby reducing the intrinsic defects [22]. Conse-
quently, the use of MgO doping in LiNbO3 results
in themediumbeing twoorders ofmagnitude less sen-
sitive to photorefractive effects than the undoped
medium. In practice, this means that the MgO-doped
LiNbO3EOMisable to copewith light intensities that
are 100 times larger than its undoped counterpart,
before any undesirable photorefractive effects are
observed. For this reason,MgO-dopedLiNbO3 has be-
come the medium of choice, by commercial manufac-
turers, of high quality EOMs that operate in the
visible part of the spectrum.
The linear electro-optic or Pockels effect is the
physical mechanism by which the EOM modulates
the incident field. Here the refractive index of the op-
tical medium is varied by applying an electric field
across the crystal [23]. The change in refractive index
of the crystal induced by an electric field ε can be
expressed as:
Δn  n
3reff
2
ε: (1)
Here, n is the homogeneous refractive index of the
electro-optic material, and reff is the effective electro-
optic coefficient of the material. If a sinusoidally
varying electric field is applied across the medium
of length l(i.e., εA  εm sin Ωt), a phase modulated
(PM) field EPMt exits the EOM and is given by:
EPMt  E0 expfiω0t β sinΩtg  c:c; (2)
where E0 is the electric field amplitude of the input
laser beam, ω0 is the angular frequency of the optical
field, Ω is the angular modulation frequency and
β  kn3lreff2 εm, is the modulation index, which de-
scribes the depth of modulation [8]. Here k is the va-
cuum wave vector and εm is the amplitude of the
electric field applied across the crystal of length l.
Assuming β ≪ 1, the Fourier decomposition of a
purely PM field in Eq. (2) can be written as:
EPMt  E0fJ0β expiω0t  J1β expiω0  Ωt
 J−1β expiω0 − Ωtg  c:c: (3)
Here the functions, J0, J1 and J−1 are the Bessel
functions, which represent the amplitudes of the
carrier and two sidebands. It should be noted that
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as the magnitudes of the two sidebands are the same
(J−1  −J1), the intensity of PM field shows no var-
iation at the modulation frequency and hence no am-
plitude modulation.
However, the relative transmission of these three
frequency components through the electro-optic
medium may differ and as a result, the total trans-
mitted field will in general contain both PM and am-
plitude modulated (AM) components. This mixed
modulation state can be represented by including
a frequency dependent transmission function T of
the modulator:
ERt  E0
8>><
>>:
J0β

Tω0
p
expiω0t
J1β

Tω0  Ω
p
expiω0  Ωt
J−1β

Tω0 − Ω
p
expiω0 − Ωt
9>>=
>>;
 c:c: (4)
Here, Tω0, Tω0  Ω, and Tω0 − Ω represent the
intensity transmission functions of the carrier, upper
sideband and lower sideband, respectively. These
functions correspond to all losses experienced by
the three frequency components upon transit of the
EOM medium.
The resultant intensity of the PM field can be
expressed as:
IR  E20

J20Tω0  2J0J1 cosΩt

Tω0
p
×
 
Tω0  Ω
p
−

Tω0 − Ω
p 
: (5)
From Eq. (5) the peak to peak intensity oscillation at
the modulation frequency, IAC of the resultant field
normalized by the average intensity is given by:
IAC 
2J0J1

Tω0
p h 
Tω0  Ω
p
−

Tω0 − Ω
p i
J20Tω0
:
(6)
From this, it is evident that the AC component here
is a measure of the imbalance of the two sidebands.
For β ≪ 1, J0 ∼ 1, J1 ∼ β∕2, Tω0 ∼ 1, and Eq. (6)
can be approximated by:
IAC ∼ β
h 
Tω0  Ω
p
−

Tω0 − Ω
p i
: (7)
For small modulation depths, the magnitude of the
sideband is proportional to the modulation depth
(i.e., J1 ∼ β∕2), which combined with Eq. (7) allows
the relative magnitude of the AM sidebands when
compared to the PM sideband magnitude to be given
by:
RAM 
AM
PM

h 
Tω0  Ω
p
−

Tω0 − Ω
p i
: (8)
As Eq. (8) shows, RAM for a given modulator config-
uration depends on the difference in sideband trans-
mission and is a useful quantity for quantifying the
level of RAM.
3. Experimental Arrangement
A monolithic 532 nm frequency doubled Nd:YAG la-
ser fixed on a low thermal expansion mount for en-
hanced long-term power and frequency stability was
used as the source for this investigation. Phase mod-
ulation at 800 kHz was impressed using a commer-
cial resonant transverse EOM, which employs a
5 mol. % MgO-doped congruent LiNbO3 crystal as
the electro-optic medium. According to the manufac-
turer’s calibration report, the modulation index of
the EOM at 532 nm was 0.4 rad when 1 V is applied
across the medium. The EOM was mounted on a
translation stage that had a 250 mm range of motion
in the beam propagation direction. The intensity of
the incident field was adjusted with a neutral density
filter. The maximum output power of laser was
20 mW with a TEM00 beam radius of 0.16 mm. The
output from the laser was linearly polarized in a ver-
tical plane with a polarization ratio >100∶1. Precise
control of polarization was obtained using a Glan-
Thompson polarizer, which ensured the linearly
polarized field incident on the EOM had a purity
of better than 1∶100; 000. A schematic of the
experimental layout is shown in Fig. 1.
The magnitude of the RAM was measured as the
ratio of AC to DC intensity components across a low
noise photodetector. The response of the photodetec-
tor was measured and found to be linear over the
entire range of incident intensities used here. The
AC beat amplitude was measured with a lock-
in-amplifier.
The angle of incidence of the laser beam at the
EOM front face was adjusted through a range of
−2.5 to 2.5 deg, in order to minimize RAM arising
from multipassing fringe effects [3]. Figure 2 shows
the average level of RAM measured over a 30 min
period for various angles of incidence, for an input
intensity of 12 mW∕mm2. For the experimental con-
ditions (i.e., beam size, EOM entrance aperture dia-
meter, etc.) used, two reproducible RAM minima
were observed at angles of incidence of −1.6 and
1.6 deg. Varying the angle of incidence of the optical
field at the EOM alters the effective path length dif-
ference through the medium, thereby varying the
 532 nm
 Nd:YAG
GTH  Lens
CRO
PD
 Lock-in-
 amplifierEOM
  Signal 
generator
250 mm
Fig. 1. Experimental setup for the measurement of RAM. (GTH:
Glan-Thompson Polarizer; EOM: Electro-Optic Modulator; PD:
Photodetector; CRO: Oscilloscope).
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level of RAM. However, the effectiveness of this tech-
nique is limited since changing angle alters the po-
larization state of the incident field [3] and an
incorrectly set polarization can increase RAM levels.
As shown in Fig. 2, at angles of incidence near
1.6 deg, the level of RAM is near the 10−5 level for
an input intensity of 12 mW∕mm2.
4. Time Dependence of RAM
For each experimental configuration measured, it
was observed that both the magnitude and phase
of the modulator RAM varied with time. The fluctua-
tion of the RAM signal was not characterized by a
single time constant as sometimes the RAM could
swing from its maximum reading to a minimum on
time scales of the order of the lock-in integration time
(1 s) and there also appeared to be much slower drifts
in the RAM level. Figure 3 gives an example of the
fluctuations in RAM, observed over a 30 min irradia-
tion time, for two different beam intensities.
From Fig. 3, it can be seen that both the average
and standard deviation of RAM is higher for the
higher intensity. The experimentally obtained values
for the average and standard deviation of the RAM
levels are 4 × 10−5 and 2 × 10−5 at 190 mW∕mm2,
and 6 × 10−6 and 2 × 10−6 at 12 mW∕mm2. It was
found that measuring the RAM over a 30 min time
period was sufficient to obtain reproducible average
RAM readings.
A Fourier analysis of the temporal nature of the
RAM was performed at our two limiting intensities,
12 and 190 mW∕mm2, by sampling the lock-in output
at each intensity for time scales up to 2hours. Figure 4
shows the measured magnitude of the RAM noise
Fourier component over a frequency range of 10
mHz to 100 Hz. The analysis showed that the noise
associated with the RAM scaled with intensity at
low frequencies (<10 Hz). At higher frequencies
(100 Hz) the noise level of the RAM at the two inten-
sities converged. This is consistent with photorefrac-
tive effects in LiNbO3 and its derivatives, which take
milliseconds or longer to develop for the cw beam in-
tensities used here [18]. As shown in Fig. 4, the inten-
sity dependent component of the noise does not
appear to stem from laser amplitude noise, which
was found to be of the order of the photodetector dark
noise level or less. This observed intensity depen-
dence of the temporal behavior of RAM will be dis-
cussed in more detail in the analysis section of
this paper.
5. Dependence on Modulation Index
As Eq. (7) suggests, for β ≪ 1 the peak to peak var-
iation in transmitted intensity at the modulation fre-
quency, IAC is proportional to β. RAM measurements
were made by varying the EOM drive voltage from
0.1 to 1.5 V, which corresponds to a variation in β
from 0.04 to 0.6 rad. Figure 5 shows the dependence
of the measured AC intensity variation IAC on the
modulation index.
As Fig. 5 shows, for this specific set of experimental
conditions, IAC depends linearly on the modulation
index. This suggests that the difference in sideband
transmission
h 
Tω0  Ω
p
−

Tω0 − Ω
p i
, is to first
order, independent of the modulation index. Similar
measurements performed with different beam dia-
meters, powers and incident beam angles displayed
the same trend. From this, it is evident that for β ≪ 1
-3 -2 -1 0 1 2 3
0
2
4
6
x 10-5
R
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Angle (degrees)
Fig. 2. Level of RAM, RAM as a function of the angle of incidence
of the laser beam at the front face of the EOM, for an input inten-
sity of 12 mW∕mm2.
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Fig. 3. RAM levels as a function of the irradiation time for two
different input intensities (I) of the laser beam; at 190 and
12 mW∕mm2.
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Fig. 4. Measured magnitude of the RAM noise Fourier compo-
nent over a frequency range of 10 mHz to 100 Hz.
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the level of RAM, RAM as given by Eq. (8), is indepen-
dent of the modulation index.
6. Dependence of RAM on Beam Intensity
The intensitydependence ofRAMwas investigatedby
first minimizing the RAM produced through the
Fabry-Perot effect by adjusting the angle of incidence
so that the overall RAM at low intensities (e.g.,
12 mW∕mm2) was approximately at the 10−5 level.
The peak and 30 min average value of RAM were
then measured and the intensity varied up to
190 mW∕mm2. Figure 6 shows the experimentally ob-
tained peak and average RAM levels at various input
intensities. Each data point corresponds to 30min to-
tal measurement time with a sampling rate of 20 s.
The measurements were performed three times at
each beam intensity to ensure that the results were
reproducible.The error bars correspond to one stan-
dard deviation of the measured RAM values.
Figure 6 illustrates an overall increase of 10 dB in
both average and peak RAM levels when the input in-
tensity is increased from 12 to 190 mW∕mm2.
The intensity dependence of RAM was further in-
vestigated by translating the EOM in the beam pro-
pagation direction through the beam waist location
and measuring the RAM at the different EOM
positions. Since the average intensity of the field in-
side the EOM volume is highest when the beam
waist is located at the center of the medium, any in-
tensity dependent effects should be more apparent
when the EOM is at this position.
In this study, a 1 mW beam was focused to a 64 μm
beam waist, which corresponds to a Rayleigh range
of 24 mm. The EOM was translated over a range of
50 mm either side of the location of the beamwaist in
air in steps of 10 mm. At each location, the RAM was
measured over a 30 min period and is shown in
Fig. 7(a). The distance z gives the distance the
EOM has been translated along the beam propaga-
tion direction. The origin of the z-axis corresponds
to the location of the crystal when the beam waist
falls at the center of the 40 mm long electro-optic
medium.
The entire measurement process was repeated
three times, which demonstrated the reproducibility
of the results. Figure 7(b) shows the calculated aver-
age intensity of the field inside the medium at each of
the EOM positions. The average intensity was eval-
uated by integrating the intensity of the field from
the EOM entrance facet through to the exit facet
and dividing by the length of the medium. A compar-
ison of Figs. 7(a) and 7(b) reveals a close similarity
with the RAM peaking at the same EOM location
at which the average intensity is a maximum. This
is further demonstrated in Fig. 7(c), which shows
that the measured RAM depends linearly on the
average beam intensity.
7. Analysis
The dependence of RAM on the intensity of the beam
suggests that photorefractive or photothermal effects
are responsible as both lead to an intensity depen-
dent modification of the medium’s refractive index
and absorption, which affects the transmission of
the field. In a photorefractive material, the total field
that alters the refractive index through the Pockels
effect consists of the applied modulation electric field
εA and a space charge field εSCI; t that results from
the migration of photoexcited electrons from the
bright regions to the dark regions [18]. Hence,
Eq. (1) becomes:
Δn  n
3reff
2
εA  εSCI; t
 n
3reff
2
εm sinΩt  εSCI; t: (9)
As can be seen from Eq. (9), the change in refrac-
tive index consists of the desired variation produced
by the modulation and a noise term resulting from
the photorefractive effect. Since the photorefractive
contribution is time dependent, any variation in it at
the modulation frequency could potentially degrade
the modulation index, β. However as the modulation
frequency here is 800 kHz, and the photorefractive
response in LiNbO3 at these intensities is slow
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Fig. 5. Peak to peak variation in transmitted intensity at the
modulation frequency, IAC as a function of EOMmodulation index.
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Fig. 6. Measured peak and average RAM levels as a function
of intensity; RAM-pk: peak RAM level and RAM-avg: average
RAM level.
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(∼1 s), any photorefractive variation in β is small
when measured with a lock-in amplifier bandwidth
of 1 Hz at such a high modulation frequency. This
is supported by Fig. 4, which shows that any inten-
sity dependence of the RAM at frequencies higher
than 100 Hz is significantly weaker than that ob-
served for frequencies less than 100 Hz.
Separating the change in refractive index as the
sum of the refractive index change due to the modu-
lating field ΔnMOD and that caused by the photore-
fractive effect ΔnPR gives:
Δn  ΔnMOD ΔnPR: (10)
In practice, the dependence of the space charge field
εSCI; t and therefore ΔnPR on intensity (I), is a
complicated nonlinear function. However, it has been
shown that under low intensity illumination
(I < 1 W∕mm2) as used here, that the light induced
change in refractive index in photorefractive materi-
als such as LiNbO3 is well approximated by the
linear term in the Taylor expansion for ΔnPRI.
Therefore, under this approximation, the photo-
induced change in refractive index can be written
as [19]:
ΔnPR 
n3reffαIG
2σd  σp
: (11)
Here, n  2.159 is the extraordinary refractive index
[15], reff  30.9 × 10−12 m∕V is the effective electro-
optic coefficient [24], α  1.9 m−1 is the absorption
coefficient for the extraordinary ray [25], I is the light
intensity, G  2.5 × 10−11 m∕V is the glass constant
[26], σd is the dark conductivity, and σp < 10−10
Ω:m−1 is the photoconductivity [19]. Dark conduc-
tivity can be ignored as it is much less than the
photoconductivity, for MgO-doped congruent
LiNbO3.
The change in refractive index due to the photo-
thermal effect is given by [27]:
Δnth 
αIw2
2κ
dn
dT
; (12)
where w  0.16 mm is the beam radius, dn∕dT 
3.75 × 10−5 K−1 is the thermo-optic coefficient and
κ  5.6 Wm−1K−1 is the thermal conductivity [27].
The ratio of the photorefractive index change to the
thermally induced index change depends only on
measured material and experimental properties:
ΔnPR
Δnth
 n
3reffGκ
w2σd  σpdn∕dT
: (13)
With a beam power of 1 mW and a beam radius
w  0.16 mm, evaluating Eq. (13) shows that under
the experimental conditions used here, that the
change in refractive index due to photorefraction is
more than 450 times larger than the change due
to optically induced thermal heating in congruently
grown MgO:LiNbO3. This is in agreement with pre-
viously reported observations [21], which show that
in 5 mol. % MgO-doped congruent LiNbO3, photore-
fraction is the dominant light induced effect.
Further evidence of the photorefractive nature of
the intensity dependent RAM observed in this
MgO:LiNbO3 EOM was provided by the persistence
of the refractive index variations in the dark. It has
been reported [28] that the photorefractive changes
can persist for several weeks at room temperature in
5 mol. % MgO:LiNbO3 and for much longer periods
(years) in undoped LiNbO3. To investigate this, the
laser power was set to its maximum level (I 
190 mW∕mm2) and remained at this level for at least
30 min to ensure that the RAM reached 4 × 10−5.
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After this period of time, the EOM apertures were
sealed, allowing the EOM crystal to cool down for
20 hours in the dark, to allow any light induced ther-
mal variation in the crystal to dissipate. After this
time the RAM was again measured at each of the
lower intensities over a 30 min period. As shown
in Fig. 8, the RAM level measured at low intensities
after the cooling period was always higher, in some
cases more than three times higher, than it was prior
to irradiation at the highest intensity. This hyster-
esis suggests that the light induced refractive index
variation produced by the high intensity beam has
partially remained after the cooling period. Since
all thermal effects should have dissipated over the
20 hour cooling period, this suggests that the inten-
sity dependent RAM is photorefractive in nature.
Since MgO:LiNbO3 is an anisotropic defocusing
photorefractive medium, the refractive index is lower
in regions where the optical field is most intense. In
this case the light field is a TEM00 Gaussian mode
producing a spatially inhomogeneous electric field
and refractive index variation, in the plane trans-
verse to the beam propagation direction. However,
since the medium is optically thick, photorefractive
changes that occur at one location will alter the spa-
tial intensity distribution emanating from that loca-
tion, which in turn will impact on the photorefractive
changes at subsequent locations. As a result, the
amount of light scatter and absorption that occurs
will depend not only on the cross sectional location
in the beam profile but also on the distance that the
beam has propagated through the medium. Recently,
it has been shown that the sidebands of the PM field
produced by the EOM are spatially separated [7].
Consequently, each sideband will encounter differing
levels of photorefractively induced scatter and ab-
sorption, and therefore be characterized by different
transmission factors. As Eq. (8) indicates, a differ-
ence in sideband transmission will manifest itself
in the level of RAM measured. Since these losses are
photo-induced, the resulting RAM will exhibit an
intensity dependence as observed here.
The intensity dependent RAM will also vary with
time, since the photorefractive index changes that
occur will never reach a true steady state. This is
because these spatially inhomogeneous refractive
index changes are continually being written and
erased throughout the interaction volume, with each
change altering the field distribution, which then has
a flow on effect for subsequent photo-induced re-
fractive index changes deeper in the medium. This
is observed in our measurements shown in Figs. 3
and 4, which show that the fluctuation in the RAM
scales with intensity for noise components with low
frequencies, but not at high frequencies that are too
rapid for the photorefractive writing and erasure
processes to respond.
8. Conclusion
We have experimentally investigated the intensity
dependence of RAM produced in an electro-optic
phase modulator that uses the MgO:LiNbO3 crystal
as the active medium. The results show for the first
time the dependence of RAM on the intensity of the
incident beam with an order of magnitude increase
in the level of RAM, around 10 dB, with a fifteen-
fold increase in the input intensity. In some applica-
tions such as in optical frequency references used for
precision metrology and for gravity wave detection,
such an increase in RAM may be unacceptable.
In this paper, we have shown that the intensity
dependent RAM production is photorefractive in
nature. This is somewhat surprising due to the low
intensities used and the high photorefractive da-
mage threshold of the medium. It should be noted,
however, that the definition of photorefractive da-
mage is not quantitative, and that its occurrence is
usually confirmed by visual observation of signifi-
cant distortion of the spatial distribution of the field
exiting the medium. Therefore, photorefractive index
change will occur at intensities much lower than the
photorefractive damage threshold, even though it is
not manifested as a visible beam distortion. Since
these weak photorefractive changes are spatially
inhomogeneous and distributed throughout the in-
teraction volume, the two sidebands experience
different losses upon transit through the EOM med-
ium. It is this imbalance between the sidebands that
appears as the intensity dependent amplitude noise
at the output.
References
1. E. L.Wooten, K.M. Kissa, A. Yi-Yan, E. J.Murphy, D. A. Lafaw,
P. F. Hallemeier, D. Maack, D. V. Attanasio, D. J. Fritz, G. J.
McBrien, and D. E. Bossi, “A review of lithium niobate modu-
lators for fiber-optic communications systems,” IEEE J. Sel.
Top. Quantum Electron. 6, 69–82 (2000).
2. L.-S. Ma, J. Ye, and J. L. Hall, “Ultrasensitive high resolution
laser spectroscopy and its application to optical frequency
standards,” in Proceedings of the 28th Annual Precise Time
and Time Inteval (PTTI) Applications and Planning Meeting,
L. A. Breakiron, ed. (U. S. Naval Observatory, 1997), pp. 289–
303.
3. M. Gehrtz, G. C. Bjorklund, and E. A. Whittaker, “Quantum-
limited laser frequency-modulation spectroscopy,” J. Opt. Soc.
Am. B 2, 1510–1526 (1985).
4. S. Barke, M. Tröbs, B. Sheard, G. Heinzel, and K. Danzmann,
“EOM sideband phase characteristics for the spaceborne
0 40 80 120 160 200
0
1
2
3
4
5 RAM - after cooling
RAM - before irradiation
x 10-5
R
AM
Intensity (mW/mm2)
Fig. 8. Measured RAM levels after the cooling period and before
irradiation as a function of intensity.
3690 APPLIED OPTICS / Vol. 51, No. 16 / 1 June 2012
gravitational wave detector LISA,” Appl. Phys. B 98, 33–39
(2010).
5. E. Jaatinen and J.-M. Chartier, “Possible influence of residual
amplitude modulation when using modulation transfer with
iodine transitions at 543 nm,” Metrologia 35, 75–81 (1998).
6. F. du Burck and O. Lopez, “Correction of the distortion in fre-
quency modulation spectroscopy,” Meas. Sci. Technol. 15,
1327–1336 (2004).
7. E. Jaatinen, D. J. Hopper, and J. Back, “Residual amplitude
modulation mechanisms in modulation transfer spectroscopy
that uses electro-optic modulators,” Meas. Sci. Technol. 20,
025302 (2009).
8. E. Jaatinen and D. J. Hopper, “Compensating for fre-
quency shifts in modulation transfer spectroscopy caused by
residual amplitude modulation,” Opt. Lasers Eng. 46, 69–74
(2008).
9. E. A. Whittaker, M. Gehrtz, and G. C. Bjorklund, “Residual
amplitude modulation in laser electro-optic phase modula-
tion,” J. Opt. Soc. Am. B 2, 1320–1326 (1985).
10. C. Ishibashi, J. Ye, and J. L. Hall, “Analysis/reduction of resi-
dual amplitude modulation in phase/frequency modulation by
an EOM,” in Conference on Quantum Electronics and Laser
Science (QELS) Technical Digest Series (Institute of Electrical
and Electronics Engineers, 2002), pp. 91–92.
11. N. C. Wong and J. L. Hall, “Servo control of amplitude mod-
ulation in frequency-modulation spectroscopy: demonstra-
tion of shot-noise-limited detection,” J. Opt. Soc. Am. B 2,
1527–1533 (1985).
12. F. du Burack, A. Tabet, and O. Lopez, “Frequency-modulated
laser beam with highly efficient intensity stabilisation,” Elec-
tron. Lett. 41, 188–190 (2005).
13. F. du Burck, O. Lopez, and A. El Basri, “Narrow-band correc-
tion of the residual amplitude modulation in frequency-
modulation spectroscopy,” IEEE Trans. Instrum. Meas. 52,
288–291 (2003).
14. R. K. Choubey, P. Sen, P. K. Sen, R. Bhatt, S. Kar, V. Shukla,
and K. S. Bartwal, “Optical properties of MgO doped LiNbO3
single crystals,” Opt. Mater. (Amsterdam) 28, 467–472 (2006).
15. D. E. Zelmon, D. L. Small, andD. H. Jundt, “Infrared corrected
Sellmeier coefficients for congruently grown lithium niobate
and 5 mol. % magnesium oxide-doped lithium niobate,” J.
Opt. Soc. Am. B 14, 3319–3322 (1997).
16. D. A. Bryan, R. Gerson, and H. E. Tomaschke, “Increased
optical damage resistance in lithium niobate,” Appl. Phys.
Lett. 44, 847–849 (1984).
17. A. Ashkin, G. D. Boyd, J. M. Dziedzic, R. G. Smith, A. A.
Ballman, J. J. Levinstein, and K. Nassau, “Optically-induced
refractive index inhomogeneities in LiNbO3 and LiTaO3,”
Appl. Phys. Lett. 9, 72–74 (1966).
18. F. S. Chen, “Optically induced change of refractive indices
in LiNbO3 and LiTaO3,” J. Appl. Phys. 40, 3389–3396
(1969).
19. Y. Furukawa, K. Kitamura, S. Takekawa, K. Niwa, and H.
Hatano, “Stoichiometric Mg:LiTaO3 as an effective material
for nonlinear optics,” Opt. Lett. 23, 1892–1894 (1998).
20. T. Volk, N. Rubinina, and M. Wöhlecke, “Optical-damage-
resistant impurities in lithium niobate,” J. Opt. Soc. Am. B
11, 1681–1687 (1994).
21. L. Pálfalvi, J. Hebling, G. Almasi, A. Peter, and K. Polgar, “Re-
fractive index changes in Mg-doped LiNbO3 caused by photo-
refraction and thermal effects,” J. Opt. Pure Appl. Opt. 5,
S280–S283 (2003).
22. G. G. Zong, J. Jian, and Z. K. Wu, "Measurement of optically
induced refractive-index damage of lithium niobate doped
with different concentrations of MgO," in 11th International
Quantum Electronics Conference (IEEE, 1980), p. 631.
23. A. Yariv, Quantum Electronic, 3rd ed. (Wiley, 1989).
24. I. Turek and N. Tarjányi, “Investigation of symmetry of photo-
refractive effect in LiNbO3,” Opt. Express 15, 10782–10788
(2007).
25. J. Schwesyg, M. Kajiyama, M. Falk, D. Jundt, K. Buse, and M.
Fejer, “Light absorption in undoped congruent and magne-
sium-doped lithium niobate crystals in the visible wavelength
range,” Appl. Phys. B 100, 109–115 (2010).
26. B. Ya Zel’dovich and V. I. Safonov, “Influence of the photogal-
vanic effect on the formation of gratings by the phase-locked
detection mechanism,” Quantum Electron. 24, 1008–1009
(1994).
27. S. T. Lin, Y. Y. Lin, T. D. Wang, and Y. C. Huang, “Thermal
waveguide OPO,” Opt. Express 18, 1323–1329 (2010).
28. J. R. Schwesyg, M. Falk, C. R. Phillips, D. H. Jundt, K. Buse,
and M. M. Fejer, “Pyroelectrically induced photorefractive
damage in magnesium-doped lithium niobate crystals,”
J. Opt. Soc. Am. B 28, 1973–1987 (2011).
1 June 2012 / Vol. 51, No. 16 / APPLIED OPTICS 3691
  
Chapter 3: Article 1                                                                                                                          71 
Addendum 1 
Investigation of RAM due to etalon effects 
 
             The experiments were conducted in order to analyse the etalon effects 
inside the EOM crystal using a 532 nm frequency tunable Nd:YAG laser 
(Suwtech G-SLM-020). The reflectivity of the crystal can be determined directly 
from the quality of anti-reflection (AR) coatings on the crystal end faces. Owing 
to the high refractive index (~ 2.2) of MgO:LiNbO3, the input and output surfaces 
of the medium reflect a considerable fraction of the incident radiation ~ 14 % in 
the case of an uncoated crystal. Even though the crystal used here is AR coated, 
which would suggest the reflectivity R < 1 %, the experiments conducted showed 
~ 3 % reflectivity per surface with the laser beam angled ~ 1.6⁰ from normal to 
EOM end face. Taking into account the absorption losses inside the crystal, the 
effective reflectivity was calculated to be ~ 0.8 %. Figure 3.1 gives the level of 
RAM, RAM as the difference in sideband amplitudes while considering the EOM 
crystal as a Fabry-perot etalon. 
 
                              
Figure 3.1 RAM due to etalon effects. 
From Figure 3.1, the total range of RAM  arising from the etalon effect is                
‒ 4.5 × 10-5 to 4.5 × 10-5. Hence, even though the crystal is AR coated, a 
reflectivity of 0.8 % is enough to produce a residual amplitude modulation in the 
10-5 level. 
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        The electro-optic modulator (EOM) is a commercial device and is 
deliberately designed for low noise applications. Residual amplitude modulation 
(RAM) is a spurious noise in phase modulation systems using EOM and must be 
minimized owing to its numerous applications in highly sensitive optical 
spectroscopic techniques.  
        The fluctuations in both the magnitude and phase of the intensity dependent 
RAM induced by the photorefractive effect was experimentally investigated.              
A phenomenological model aided by numerical simulations, was used to explain 
the intensity dependent photorefractive RAM and its fluctuations. This was related 
to the findings of Xie et al., where the origin of temporal fluctuations in the 
photorefractive effect was described as the result of intrinsic properties of 
photorefractive effect rather than extrinsic noise such as the vibration of the 
optical bench etc [89]. 
         With the photorefractive origin of RAM analysed and measured, the next 
step is to reduce it below the shot noise limited detection level. Numerous 
techniques have been proposed to reduce RAM to the quantum limited detection 
level [5, 9, 10, 13, 14, 17, 18]. Using these techniques RAM can be decreased to 
the 10-5 level whilst using complex and sophisticated electronics. The method 
proposed in this paper uses the photorefractive nature of the intensity dependent 
RAM to suppress it to much below the 10-5 level. The RAM produced by the 
gradual formation and erasure of photorefractive scattering centres was reduced 
using an intense erasing beam. Here the larger diameter erasing beam was counter 
propagating through the EOM with its intensity almost 5 times larger than the 
intensity of the original beam that generated the photoinduced refractive index 
changes. The beam waist location of the erasing laser was close to its front face  
(~ + 30 mm from the laser exit aperture), which allows the beam to spread and 
uniformly illuminate the EOM crystal placed at a distance z from the beam waist 
position. The intensity of the erasing beam was measured at the centre of the 
EOM and was varied as a function of the propagation distance z of the erasing 
beam.  
With this method, the magnitude of RAM was reduced by a factor of 6, thereby 
suppressing it well below the 50 dB level.  
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       The photorefractive erasure of RAM was also attempted with a halogen lamp 
and Xenon-arc lamp. However due to the construction of the EOM housing it was 
difficult to focus these erasing fields into the medium while maintaining an 
intensity that produced any noticeable erasing effect. 
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Abstract: Residual amplitude modulation (RAM) is an unwanted noise 
source in electro-optic phase modulators. The analysis presented shows that 
while the magnitude of the RAM produced by a MgO:LiNbO3 modulator 
increases with intensity, its associated phase becomes less well defined. 
This combination results in temporal fluctuations in RAM that increase 
with intensity. This behavior is explained by the presented 
phenomenological model based on gradually evolving photorefractive 
scattering centers randomly distributed throughout the optically thick 
medium. This understanding is exploited to show that RAM can be reduced 
to below the 10
5
 level by introducing an intense optical beam to erase the 
photorefractive scatter. 
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1. Introduction 
Electro-optic modulators (EOM) are essential components in ultra-precision optical systems 
that require high purity phase modulation of the incident light field [1]. Some prominent 
applications that employ EOMs to phase modulate optical fields are; laser frequency 
stabilization [1–3], trace gas detection using frequency modulation (FM) spectroscopy [4], 
gravity wave detection [5, 6] and signal processing with fiber optic gyroscopes [7]. In these 
applications and others, any modulation of the light field‟s amplitude at the modulation 
frequency is an unwanted noise source that can significantly limit the overall performance of 
the system. Unfortunately, it is well-known that all EOMs used for optical beam phase 
modulation generate unwanted residual amplitude modulation (RAM) that ultimately limits 
the sensitivity and the resolution possible [8–13]. 
RAM has been observed and investigated for more than 20 years with the aim of 
understanding it sufficiently, to reduce or remove it. Through the body of work that has been 
performed, RAM has been found to depend on many intertwined factors dependent upon the 
EOM medium and its environment, the optical arrangement and the properties of the optical 
and modulating fields. Some of the known mechanisms through which RAM is produced are 
Fabry-Perot etalon effects due to reflections from the facets of the phase modulator crystal 
and other reflective surfaces [2, 10, 11], beam polarization effects [12], thermal effects in the 
EOM medium [10–12], scattering by impurities and other defects [10, 14], spatial 
inhomogeneities of the electric field inside the medium [10, 11] as well as through 
piezoelectrically induced vibrations inside the crystal [11]. Recent studies [12, 13] have 
shown that RAM can be suppressed to the 10
5
 level through adequate control of beam and 
medium properties. Although a practical and useful outcome, our understanding of RAM is 
not complete and observations such as its irreproducible temporal behaviour remain 
unexplained and prevent suppression of this noise to even lower levels. 
Recently, it was shown that photo-induced refractive index changes in magnesium-oxide-
doped lithium niobate (MgO:LiNbO3) EOMs produced intensity dependent RAM even at low 
incident field light irradiances (10-100 mW/mm
2
) [14]. Here, we present results of an 
experimental investigation into the variation of the phase and magnitude of the observed 
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RAM and its dependence on incident intensity. The results show that as the intensity 
increases so does the variance in RAM magnitude while the RAM phase becomes less well 
defined, with the combination of effects producing temporal variation in RAM. To 
qualitatively explain this we present a phenomenological model that is based on the gradual 
formation and erasure of intensity dependent photorefractive scattering centres randomly 
distributed throughout the MgO:LiNbO3 electro-optic phase modulator. 
In this paper we present for the first time a simple optical technique for reducing the 
photorefractive RAM produced in EOMs. We have found that the light induced refractive 
index changes in the phase modulator crystal can be erased by uniformly illuminating the 
EOM crystal with a second intense optical beam, which decreases the overall RAM. This 
approach is of much interest to those working with EOMs in low noise applications, seeking 
easily applicable means to reduce the level of RAM produced. 
2. Photorefractive effect in Lithium Niobate 
Lithium Niobate (LiNbO3) is a popular choice for EOM phase modulators due to its large 
electro-optic coefficients [15, 16]. However, pure LiNbO3 has proven to have a high 
photorefractive sensitivity, which makes it impractical for phase modulation of laser beams 
with intensities in the 50 mW/mm
2
 range (e.g. 10 mW laser beam in a 0.25 mm beam radius 
at 514.7 nm) [17]. Photorefraction, also known as „optical damage‟, was first reported by 
Ashkin et al. [17] and is generally regarded as visually observable distortion of the spatial 
distribution of the beam transmitted through the modulator due to light induced refractive 
index changes. It is caused by the photoexcitation of electrons and holes [18] from multiple 
trap states in the medium‟s band-gap that originate from numerous impurities, dopants and 
defects [19]. Once excited, these charges migrate throughout the medium with the resulting 
charge redistribution producing a space charge field, which creates an inhomogeneous 
refractive index change through the Pockels effect. 
Since the photorefractive effect is a serious limitation for lithium niobate phase 
modulators [17], manufacturers have investigated the use of various dopants (Zn, Mg, etc) in 
order to control the nonlinear optical properties of the medium, as it has been shown that 
dopants alter the photoconductivity thus reducing the sensitivity to photorefractive changes 
[20]. Consequently, it has been found that 5% MgO:LiNbO3 crystals exhibit a high „optical 
damage threshold‟ when compared to other derivatives of lithium niobate, due to a 100 fold 
increase in photoconductivity upon illumination in the visible range [20]. This has led to the 
misconception that 5% MgO:LiNbO3 does not exhibit any photorefractive effect, as no visual 
evidence of distortion of the spatial distribution of the incident field is usually observed. 
Recently, however, it has been shown that the weak photorefraction that is displayed by 5% 
MgO:LiNbO3 when illuminated at low intensities in the visible, is observable [21] and it 
produces RAM when the medium is used as a phase modulator [14]. 
Ideally, when a time varying electric modulating field at frequency  , is applied across an 
electro-optic medium to phase modulate a laser beam, sidebands of equal magnitude are 
produced. However, in practice, the relative transmission of these different frequency 
components through the electro-optic medium will not be the same [3, 9, 10] and as a result, 
the total transmitted field will in general contain both phase modulated (PM) and amplitude 
modulated (AM) contributions. As described previously, the magnitude of the AM sideband 
when compared to the PM sideband magnitude will determine the level of RAM observed, 
AMR and is given by the difference in sideband transmission through the medium [14]: 
 0 0( ) ( ) .AM
AM
R T T
PM
         (1) 
Here, 0( )T    and 0( )T   represent the intensity transmission functions of the upper 
sideband and lower sideband, respectively, with the optical carrier frequency given by 0 . As 
Eq. (1) shows, whenever an imbalance exists in the transmission of the sidebands of a phase 
modulated laser field [9, 10] RAM will be produced. In the MgO:LiNbO3 medium used here, 
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intensity dependent RAM will arise since the sidebands have different optical frequencies and 
are spatially offset [9], leading to differing levels of photorefractively induced scatter and 
absorption, producing an imbalance in sideband transmission. 
3. Experimental observations of photorefractive RAM 
To analyse the temporal variation of RAM and its dependence on intensity, both the 
magnitude and phase of the RAM produced were measured. The measurements were 
performed with a continuous wave 532 nm Nd:YAG laser that was phase modulated at 800 
kHz with a MgO-doped lithium niobate EOM to a modulation depth β that did not exceed 0.4 
rad. For β << 1 we can assume that the phase modulated field consists of a carrier and the two 
first order sidebands. The residual amplitude modulation impressed upon the optical field was 
measured with a phase-sensitive detector. The maximum output power of the laser was 20 
mW with a beam waist of 0.16 mm positioned at the centre of the EOM crystal. The electro-
optic crystal was passively thermally stabilized. The laser output was a single TEM00 mode, 
which was linearly polarized in a vertical plane with a polarization ratio > 100:1. A Glan-
Thompson polarizer was used to ensure the linearly polarized incident field had a purity of 
better than 10000:1. The optic axis of the MgO:LiNbO3 crystal was kept parallel to the laser 
polarization direction in order to eliminate RAM due to polarization misalignment. The most 
dominant source of RAM in the EOM is the etalon effect, which can be very large (~10
2
) and 
must be minimized with anti-reflection (AR) coatings and by adjusting the angle of incidence 
of the laser, to ensure it does not completely overshadow the much weaker intensity 
dependent photorefractive RAM (~10
4
-10
5
). This condition was satisfied by angling the AR 
coated crystal end faces to the laser beam by ~1.6
0
 that yielded a minimum RAM level ~10
5
. 
The magnitude of the RAM was determined from the measured ratio of the AC to DC 
intensity components across a low noise silicon photodetector. The AC component was 
measured with a lock-in-amplifier. The lock-in signals can be expressed by a magnitude R 
and phase  , which are given by: 
 2 2
0 0( ) ( ) .AMR P Q R T T           (2) 
 
1tan .
Q
P
 
 
  
 
 (3) 
where, cosP R  is the in-phase component and sinQ R  is the quadrature component of 
the lock-in output. Hence measuring the combination of the P and Q components allows both 
magnitude and phase information to be evaluated from the acquired waveform using Eqs. (2) 
and (3). 
Figure 1 shows the measured RAM levels and its associated phase angle , at five 
different input intensities. At each intensity, 5400 measurements were recorded at a sampling 
rate of 1 measurement per second for a duration of 90 minutes. The RAM measured at the 
highest intensity was observed to have a magnitude and a standard deviation (indicated by the 
error bars in Fig. 1(b)) that was almost 10 times higher than that at the lowest intensity. As 
shown in Fig. 1(b) the average magnitude of the RAM increases more or less linearly with the 
intensity. At all intensities, the maximum level of RAM was observed when it was in phase 
with the reference phase angle. However, an interesting observation was that the distribution 
of measured RAM phases increased with intensity as shown in Fig. 1(a). At the highest 
intensity the full width half maximum (FWHM) of the phases distributed around the maxima 
was 33°, which fell to only 9° for the lowest intensity. In addition, as shown in Fig. 1(a), at 
the highest intensity significantly more measurements revealed phases outside of the FWHM 
(50%) than were observed at lowest intensity (25%). Therefore, as the intensity increases the 
phase of the observed RAM becomes less well defined.This spreading of the phase at higher 
intensities manifests itself at the detector as an increase in the fluctuations of the RAM signal 
about the average value. 
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At intensities between 10 – 100 mW/mm2, the formation and erasure of photorefractive 
changes is slow and for lithium niobate and its derivatives (e.g. MgO:LiNbO3, Fe:LiNbO3), 
these changes typically occur over time scales of hundreds of milliseconds or much longer 
[18]. This is because the photorefractive time constants vary inversely with irradiance, since 
the time it takes for the light to rearrange charges in the crystal depends on the light intensity 
and also on how fast the charges migrate through the crystal. Light at lower intensities takes 
longer to photoexcite the number of charges required to produce the same space charge field 
than more intense light [22]. This is consistent with our observations, where the peak values 
of RAM are 2 × 10
5
 and 3 × 10
5
 at 12 mW/mm
2
 for time periods of 30 minutes and 90 
minutes respectively, while at the higher intensity (190 mW/mm
2
) these values are the same 
(2 × 10
4
) for both time periods. Hence, at the low intensity, it takes 1 to 2 hours to reach a 
quasi-equilibrium state, whereas at higher intensities the response time is much less. 
 
Fig. 1. (a). Measured intensity dependent RAM as a function of the phase angle  for five 
different input intensities over a time period of 90 minutes and 1 (b) the average RAM values 
for the five intensities. The FWHM of the distributions in Fig. 1(a) are 9°, 7°, 17°, 35° and 33° 
in the increasing order of input intensity. 
The temporal characteristics of RAM are complex as it depends on many factors, which 
include intensity dependent and intensity independent contributions. Here we propose a 
model, based on beam fanning [23], to explain some of our observations of the intensity 
dependent RAM. The MgO:LiNbO3 medium used here is anisotropic and photorefractively 
self-defocusing, which means that the refractive index is lower in regions where the optical 
field is most intense. This acts to continually spread the TEM00 Gaussian mode light field 
away from the beam axis. In addition, it is well established that defects scatter light [22] 
within the illuminated volume with the scatter amplified by photorefractive two wave mixing 
with the incident field [24]. These scatter sites are randomly distributed throughout the 40 
mm length of the optically thick medium. Since the scatter is relatively weak, it can take 
many hours for the self-defocusing to reach steady state [25], and prior to that the amount of 
scatter at any site within the interaction volume continues to vary due to continual writing and 
erasing of photorefractive index changes as depicted in Fig. 2. For example, the scatter at site 
A grows due to photorefractive amplification, which then impacts on the scatter 
„downstream‟ at site B, where less scatter is produced due to pump depletion, while at site C 
scatter increases due to the greater levels of photorefractive scatter emanating from site A. In 
essence, this self-defocusing process acts like scatter centers randomly distributed throughout 
the illuminated volume with scattering powers that continually evolve. Evidence that this 
occurs in photorefractive lithium niobate is provided by numerous light transmission 
observations that describe spatial light distributions that continue to evolve through beam 
fanning over time scales of many hours at low light intensities [23, 25]. 
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 Fig. 2. The propagation of an optical beam through a self-defocusing photorefractive medium 
with numerous scatterers, where the beam brightness is proportional to the intensity. 
It has been reported [26] that the distribution of defects in the crystal can increase or 
decrease the photorefraction in MgO:LiNbO3. Here a numerical simulation was performed to 
model the impact of photorefractive scattering centers randomly distributed throughout the 
medium, on the level of RAM. The photorefractive index change at each site consisted of two 
components; the self-defocusing resulting from the TEM00 profile of the Gaussian incident 
field [27] and the randomly varying photorefractively amplified scatter as given by: 
   .
2
.
2
2
exp( )e G s
r
n r n n n
w
     (4) 
Here ne is the extraordinary refractive index of the medium, w is the radius of the beam, r 
is the transverse distance from the beam axis, 
Gn  gives the magnitude of the intensity 
dependent refractive index change due to Gaussian spatial profile of the field, and 
sn is the 
level of scatter that varies randomly from 0 to a maximum level that is proportional to 
intensity. 
When the phase modulating RF field is applied to the medium, the sidebands that are 
produced are spatially offset from one another [3, 9]. As a consequence, each sideband 
experiences a different level of scatter as it propagates through the medium creating a 
sideband transmission imbalance that results in RAM. Since the distribution of 
photorefractive scatterers in the medium can take many minutes or hours to reach 
equilibrium, the level of RAM will also fluctuate. Based on this model, both the average 
magnitude of RAM and the level of fluctuation will be dependent on the photorefractive 
scattering amplitude
sn , which increases with intensity. 
To investigate this, a numerical simulation was performed by modeling the volume of the 
photorefractive MgO:LiNbO3 crystal illuminated by the incident field as an array with the 40 
mm propagation distance split into 75 000 columns and the beam cross section (defined by its 
e
4
 intensity points) split into 800 rows. A photorefractive scatterer with a refractive index of 
sn that varied randomly between 0 to a maximum level proportional to intensity, was 
randomly placed in one cell of each of the 75 000 columns. The transmission of each side- 
band through the resulting refractive index distribution was then calculated assuming a spatial 
offset of 0.4 μm between the two sidebands [9]. The maximum photorefractive index change 
at any scatter site was varied between 10
2
 and 10
9
 and the corresponding magnitude of the 
RAM was obtained. The simulation was run 100 times for each value of sn  and the average 
RAM magnitude and the level of fluctuation evaluated with the results shown in Fig. 3. 
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 Fig. 3. Numerical simulations showing the linear relationship between photorefractive 
scattering amplitude and RAM. 
As shown in Fig. 3, the simulations show that both the average level of RAM and the 
fluctuations display a linear dependence on the maximum photorefractive index change of the 
scatter site. Since the photorefractive index change at low intensities such as those used here 
are proportional to intensity, both the average level of RAM and its standard deviation should 
increase more or less linearly. This is in good agreement with the observed behaviour of 
intensity dependent RAM as shown in Fig. 1(b). Therefore this simple phenomenological 
model qualitatively describes the key intensity dependent features observed with RAM. 
4. Reduction of RAM through photorefractive erasure 
Various techniques have been proposed to suppress RAM or its impact at the detector [2, 10, 
11, 28]. One example is to suppress RAM with an active servo at the output of the EOM [10, 
11], a second employs a dual-beam method where the RAM is rejected in the post optical 
detector electronics [2] while a third method applies two harmonically related, phase-shifted 
radio frequency waves to the electro-optic modulator [28]. Using these RAM reducing 
methods, the RAM can be decreased to < 10
5
 (50 dB) below the DC level. While successful, 
these methods add to the complexity of the overall system as they require sophisticated 
electronics. 
One of the great advantages of using photorefractively induced index changes to create 
holograms, waveguides or to store data, is that they can be easily removed by illuminating the 
medium with an erasing beam that neutralizes the space charge field [23, 29]. Here we use the 
photorefractive nature of intensity dependent RAM to reduce it. Since RAM is produced by 
intensity dependent randomly distributed photorefractive scattering centers, it is possible to 
reduce RAM with an erasing beam. To investigate this we used the same arrangement as 
described in section 3 to measure RAM, with the laser intensity set to 12 mW/mm
2
. A second 
532 nm laser (Nd:YAG 2) was introduced as the erasing field with its output counter- 
propagating through the EOM as shown in Fig. 4. 
 
Fig. 4. Experimental setup for the photorefractive RAM erasure. (GTH: Glan-Thompson 
Polarizer; EOM: Electro-Optic Modulator; BS: Beam Splitter; PD: Photodetector, Nd:YAG 1 
and 2 are 532 nm frequency doubled Nd:YAG lasers with maximum output power of 20 mW 
and 50 mW, respectively). 
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Initially, the RAM generated by the 12 mW/mm
2
 beam from Nd:YAG 1 was allowed to 
reach steady state over a 1.5 hour period in the absence of the erasing beam from Nd:YAG 2. 
After this time, the erasing beam with an intensity of 59 mW/mm
2
 was turned on for a period 
of 4.5 hours. The beam waist (0.16 mm) location of the erasing laser was at ~ + 30 mm with 
respect to the laser exit aperture, which was at a distance of 350 mm from the centre of the 40 
mm long EOM crystal. As shown in Fig. 5, a dramatic reduction in both the magnitude and 
fluctuation in RAM was observed. The erasing beam was then turned off after 4.5 hours and 
the RAM measured. The RAM is observed to increase towards its original level after the 
erasing beam is turned off (Fig. 5), but can take several hours to reach the same average value 
(1.44 × 10
5
) due to the much lower intensity (12 mW/mm
2
) of the modulated beam. 
 
Fig. 5. Photorefractive erasure and recovery of residual noise as a function of irradiation time 
for an erasure beam intensity of 59 mW/mm2; 5 (a) shows the time dependent RAM values for 
a total period of write (I) erasure (II) and recovery (III), whereas 5 (b) shows the average RAM 
level for each 1.5 hours of irradiation, with the error bars indicate the standard deviation of the 
measured RAM values. 
The trial was repeated at different erasing beam intensities of 19 mW/mm
2
, 38 mW/mm
2
 
and 59 mW/mm
2
. As shown in Fig. 6, the reduction in RAM produced by the erasing beam is 
more pronounced at higher intensities. 
 
Fig. 6. Erasure of photorefractive RAM for a total irradiation period of 4.5 hours with each 
data points corresponds to a time interval of 1.5 hours. The common point gives the average 
RAM values with only the writing beam turned on (Nd:YAG 1) for 1.5 hours and the other 
data points represent the corresponding values of RAM on erasure, with the error bars indicate 
the standard deviation of the measured RAM values. 
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This behavior is consistent with our phenomenological model, as the introduction of an 
erasing beam decreases the maximum photorefractive index change
sn  at each scatter site 
and thereby reduces both the magnitude and the level of fluctuation in RAM. 
5. Conclusion 
Our results show that the observed fluctuations in RAM level are tied to the medium‟s 
nonlinear photorefractive response and in particular, to the continual evolution of the self-
defocusing refractive index changes that occur in the photorefractive medium. These 
photorefractive index changes are more pronounced at higher input intensities because they 
increase the imbalance in the transmission of the two first order sidebands of the phase 
modulated light field. This will in turn lead to higher levels of RAM than are observed at 
lower input intensities. This, in combination with the observation that the phase of the 
modulator RAM becomes less well defined at higher input intensities, results in RAM 
fluctuations that increase as the input intensity is raised. These observations agree well with 
the findings of the presented phenomenological model that is based on the gradual formation 
and erasure of intensity dependent photorefractive scattering centers randomly distributed 
throughout the optically thick medium. The results of this study suggest that the RAM 
generated by the EOM, is far more stable when low powers are used, which is a useful 
consideration in low noise applications such as optical frequency references, gravity wave 
detectors and fiber optic sensing, where reduction of RAM is demanded. We have 
demonstrated a technique to further suppress RAM where a counter-propagating laser beam 
was used to erase the photorefractive increased scatter in the phase modulator crystal. With 
this method, we observed a factor of 6 reduction in both the magnitude and fluctuation level 
of the observed RAM allowing it to be suppressed to below the 10
5
 level. 
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Addendum 2 
Photorefractive erasure of RAM: Further analysis 
         The photorefractive erasure time depends on the absorption or scattering in 
the photorefractive medium, its length and thickness, as well as on the incident 
laser intensity profile [141]. In the case of highly absorbing crystals, charge 
carriers are excited only close to the illuminated region, which makes the erasure 
time constant vary along the propagation direction of the light beam [81]. Because 
of the low absorption coefficient of MgO:LiNbO3, charge carriers are excited 
throughout the crystal length with the erasure time constant depends on the 
intensity of the incident light and doping concentration. 
         In the usual holographic techniques, the writing and erasure of the refractive 
index changes follow a mono-exponential law. The temporal behaviour of 
refractive index decay can be represented as [142]: 
                                                )(exp es tnn τ−∆=∆                                           (4.1) 
Here, n∆  is the resultant refractive index change, sn∆ is the saturation value of 
the refractive index change for a given intensity and eτ  is the erasure time 
constant. However, the photorefractive erasure curves obtained for the two erasing 
intensities 38 mW/mm2 and 59 mW/mm2 (Figure 6, Article 2, Chapter 4) have 
large deviations when fitted with the mono-exponential function given by 
Equation 4.1. As [141] reports, in experiments with writing beam present during 
erasure, an abrupt change in the light intensity when the erasure beam is turned on 
may cause a non-exponential decay. Consequently, the curves can be fitted with a 
double exponential function [143], except for the lowest erasing intensity of        
19 mW/mm2, and is given by: 
                                 )tKexp(n)tKexp(nn ss 21 21 −∆+−∆=∆                             (4.2) 
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Here 
1sn∆ and 2sn∆ are the saturation values of the refractive index changes, 
1
11 eK τ= and 212 eK τ= represent the long and the short erasure time constants 1eτ
and 
2eτ respectively. The experimental plot and theoretical fit using Equation 4.2 
for the two higher intensities are given in Figure 4.1. 
       
  
Figure 4.1 The experimental (dots) and theoretical fit (line) of the photorefractive RAM 
erasure for a total irradiation period of 4.5 h. Each data point correspond to a time interval 
of 30 min for intensities (a) 38 mW/mm2 and (b) 59 mW/mm2. 
         This is consistent with the observations made by Liu et al. [143], where 
double exponential erasure curves have been reported for 5 mol% congruent 
MgO:LiNbO3 crystals, which is an evidence for the presence of more than one 
type of photorefractive centres. The photorefractive two centre model comprises 
shallow and deep traps electronic excitation. Free charge carriers are generated 
from the deep or shallow centres by light exposure [144]. Liphard et al. has also 
reported a non-exponential decay of the temporal behaviour of photorefractive 
erasure due to the excitation of electrons from shallow traps [141]. 
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         The residual amplitude modulation (RAM) is a noise in high sensitivity 
spectroscopic techniques that employ electro-optic modulators (EOM) for phase 
modulation, and must be minimized. Chapter 4 demonstrated a simple technique 
for RAM suppression by illuminating the phase modulator crystal with an intense 
larger diameter beam. An overall reduction in RAM to below the 10-5 level was 
achieved by erasing the photorefractive scatter in the phase modulator crystal. 
This study was extended to investigate whether more uniform field profiles could 
reduce the RAM to a minimum level than that generated by the fundamental 
TEM00 Gaussian profile. Numerous studies showed that photorefraction in 
electro-optic crystals can be reduced with uniform intensity illumination of the 
crystal [20, 21]. 
The specific aims of the article include: 
• Generation of uniform intensity flat-top profiles using Liquid Crystal on 
Silicon-Spatial Light Modulator (LCOS-SLM). 
• Experimental investigation of the dependence of RAM on the beam shaping 
parameter β. 
• Experimental investigation to compare the RAM generated by the Gaussian 
profile and the flat-top profile.  
          The uniform intensity flat-top profile produced using an LCOS-SLM is  
incident on the phase modulator crystal via the oblique incidence optical setup. 
The reduction in RAM down to the 10-6 level results from the uniform distribution 
of the space charge field due to flat-top intensity distribution. In contrast, massive 
clipping of the incident beam caused a significant increase in RAM level for beam 
diameters that are not comparable to the EOM aperture. 
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Abstract: Our results demonstrate that photorefractive residual amplitude 
modulation (RAM) noise can be reduced by modifying the incident beam intensity 
distribution. Here we report an order of magnitude reduction in RAM when 
beams with uniform intensity (flat-top) profiles, generated with a LCOS-SLM, are 
used instead of the usual fundamental Gaussian mode (TEM00). RAM arises from 
the photorefractive amplified scatter noise off the defects and impurities within 
the crystal. A reduction in RAM is observed with increasing intensity uniformity 
(flatness), which is attributed to a reduction in space charge field on the beam 
axis. The level of RAM reduction that can be achieved is physically limited by 
clipping at EOM apertures with the observed results agreeing well with a simple 
model. These results are particularly important in applications where the 
reduction of residual amplitude modulation to the 10
-6
 is essential.  
Keywords- residual amplitude modulation; electro-optic modulator; 
photorefractive effect; spatial light modulator, flat-top profile. 
1. Introduction 
          Electro-optic modulators (EOM) are essential devices in many high 
accuracy optical applications where a phase modulated optical field is required. 
Optical frequency references [1], gravity wave detection [2] and fibre-optic 
gyroscopic signal processing [3] are but a few examples of applications where the 
overall accuracy or sensitivity of the system depends on the purity of the 
modulation of phase that is impressed upon the incident field. However, EOMs 
generate unwanted amplitude modulation, often called residual amplitude 
modulation (RAM) that effectively is a noise source that limits the overall 
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sensitivity of the system. There are various independent mechanisms that generate 
RAM in EOMs making it difficult to study and remove [4-9]. Recently, however, 
it was reported that one source of RAM in EOMs is intensity dependent and is 
caused by photorefractively amplified scatter that occurs in the electro-optic 
medium [4]. It was shown that even the weak photorefraction that is displayed by 
5% magnesium-oxide-doped congruent lithium niobate (MgO:LiNbO3) when 
irradiated at low intensities is observable [10] and it produces RAM when the 
medium is used as a phase modulator [4]. Since the photorefractive effect depends 
on the transverse intensity distribution of the beam, it may prove possible to 
reduce RAM through optimal choice of intensity profile. The majority of lasers 
emit a beam that typically has a spatial intensity distribution that is described by a 
fundamental transverse electromagnetic mode (TEM00) Gaussian function. 
         In this paper we provide an experimental and theoretical investigation of 
RAM produced in an EOM when light that has a uniform intensity profile or ‘flat-
top’ profile is incident on the EOM. Here the non-Gaussian intensity distributions 
are generated with a liquid crystal on silicon-spatial light modulator (LCOS-SLM) 
using the method of stationary phase, by varying the beam shaping or flatness 
parameter   for a fixed value of the focal length  f of the Fourier transform lens.  
The results show that RAM decreases with increasing flatness since the increasing 
‘uniformity’ of the intensity profile reduces the photorefraction. These results are 
of interest in applications such as optical frequency references where RAM limits 
the overall accuracy of the system.  
2. Residual amplitude modulation (RAM) in EOMs 
         Modulator induced RAM has been identified as a significant source of 
measurement uncertainty in high resolution laser spectroscopic techniques such as 
frequency modulation spectroscopy (FMS) [8, 9, 11] and modulation transfer 
spectroscopy (MTS) [12], which are used for high accuracy locking of laser 
frequency to absolute references. RAM is also a problem for the  Pound-Drever-
Hall (PDH) technique [13] when used for laser stabilization in interferometric 
detectors for sensing the strains induced by gravity waves [2] and fibre optic 
gyroscopes that use EOM to phase modulate the input laser beam [3]. Major 
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factors that have been reported to generate RAM are; etalon effects due to 
reflections inside the crystal, temperature variations within the crystal, vibrations 
of optical components, scattering by impurities and defects, spatial 
inhomogeneities of the electric field inside the crystal, fluctuations in RF power 
and laser frequency drifts [9].  
         RAM arises when there is an imbalance in the sidebands of a phase 
modulated laser beam. The phase modulated sidebands have different optical 
frequencies and are spatially offset, and the level of RAM can be expressed as the 
ratio of the magnitudes of amplitude modulated sidebands to the phase modulated 
sidebands, which can be written as [4, 7]: 
                                      00  TT
PM
AM
RAM                             (1) 
Here, )( 0 T  and )( 0 T represent the intensity transmission functions of the 
upper sideband and lower sideband, respectively, with the optical carrier 
frequency given by 0 and the angular modulation frequency is denoted by . 
         It was reported previously that [4] an imbalance in phase modulated 
sidebands can arise from differing levels of photorefractively induced scatter and 
absorption from impurities or defects within the crystal. Zozulya et al. [14] 
described the photorefractive scattering or fanning as a nonlinear interaction 
between the different spatial harmonics in the electromagnetic Fourier spectrum 
of the incident radiation within the photorefractive medium. This asymmetric 
photorefractive scattering causes the amplification of some Fourier harmonics at 
the expense of others. This eventually results in a change in the spatial Fourier 
spectrum of the light and appears as an additional intensity noise at the output 
spectrum. The overall light induced refractive index changes in the 
photorefractive crystal have been attributed to a combination of the self-
defocusing in the medium from the incident intensity profile (in this case 
Gaussian) and the photorefractive amplified scatter from impurities or defects [15] 
as given by: 
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 Here 
G
n  gives the magnitude of the intensity dependent refractive index change 
due to Gaussian spatial profile of the field, w is the radius of the beam, r is the 
transverse distance from the beam axis, and 
sn is the refractive index change that 
leads to photorefractively amplified scatter.                
         The photorefractive index change is semi-permanent but can be removed by 
heating the crystal over 170
°
C causing the thermal excitation of trapped charges at 
the periphery of the incident beam into the conduction band [16]. Another method 
to erase the induced refractive index changes is by flooding the crystal with 
uniform illumination [17, 18] or with a larger diameter light beam, which 
photoexcites the originally trapped charges, allowing them to move beyond the 
extent of the original beam before being retrapped at the peripheries of the erasing 
beam [19]. Recently it was demonstrated that RAM produced in a MgO:LiNbO3 
phase modulator can be suppressed by introducing an intense larger diameter laser 
beam to erase the photorefractive index changes that result from the intensity 
distribution of the incident beam [ie. the
G
n term in equation (2)] and the 
photorefractively enhanced scatter [ie. the sn term in equation (2)] [20].  
         From equation (2) it is evident that in the case of a uniform intensity profile 
the contribution from the first term can be neglected, leaving the intensity 
dependent photorefractive amplified scatter. Therefore, beams that have a more 
uniform spatial intensity distribution than the TEM00 Gaussian mode should 
display less photorefraction and consequently lower levels of RAM.  Some 
support for this conjecture in doped LiNbO3 crystals was recently reported, where 
it was observed that the photorefractive self-defocusing effect is dominant for 
small incident Gaussian beam size whereas for large beam size the light induced 
scattering gets stronger and finally overwhelms the self-defocusing effect [21]. 
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3. Experimental setup 
         To investigate whether the spatial intensity distribution of the incident beam 
influences RAM, various ‘flat-top’ beam profiles were generated and the RAM 
generated when the beam propagated through a 5% doped MgO:LiNbO3 EOM 
was measured. A schematic of the experimental layout is given in figure 1. The 
measurements were performed with a 532 nm frequency doubled Nd:YAG laser 
that was phase modulated at 800 kHz using a commercial resonant transverse 
EOM, which employs a 5 mol% MgO:LiNbO3 crystal as the electro-optic 
medium. The modulation index of the EOM was 0.4 rad/  at 532 nm.               
The maximum output power of laser was 50 mW with a TEM00 beam radius of 
0.16 mm. The output from the laser was linearly polarized in a vertical plane with 
a polarization ratio > 100:1.  
 
               
 
Figure 1. Experimental setup for the measurement of RAM. (SLM: Spatial light 
modulator, GTH: Glan -Thompson polarizer, f1, f2 and f3: Lenses, M1, M2: Mirrors, 
HWP: Half -wave plate,  EOM: Electro-optic phase modulator, PD: Photodiode). 
         The experimental realization of the flat-top beams was achieved using a 
phase only SLM. A half-wave plate was used to rotate the polarization by 90 
degrees, which is required for the oblique incidence optical setup of the SLM. 
Precise control of polarization was obtained using a Glan-Thompson polarizer, 
which ensured the linearly polarized field incident at the EOM had a purity of 
better than 1:100,000. The SLM used was the Hamamatsu LCOS-SLM X10468-
01, which is a reflective type of pure phase spatial light modulator. The effective 
area of the SLM was 16 ×12 mm and the input beam was collimated to illuminate 
the SLM mirror. The phase images were generated using Matlab simulations, 
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which were sent to the SLM screen as 8-bit bitmapped images. The magnitude of 
the RAM was measured as the ratio of AC to DC component across a low noise 
photodetector. The AC beat amplitude at the modulation frequency was measured 
with a lock-in-amplifier. 
4. Generation of flat-top beams 
         The spatial light modulator is a diffractive optical element (DOE) that has 
attracted much attention as it allows a diverse range of user defined beam 
intensity distributions to be realized [22-24]. These devices are based on liquid 
crystal on silicon (LCOS) technology in which liquid crystal is controlled by an 
applied voltage that modulates the wavefront of light beam. The phase distribution 
written on the LCOS-SLM can be changed easily by projecting a computer 
generated hologram (CGH) onto the SLM active area. The CGH contains all the 
information of the desired output that changes the input beam accordingly when 
displayed. Hence, a properly designed phase element can manipulate the light to 
almost any desired intensity profile. Some of the approaches used to obtain the 
phase element are the stationary phase, optimization and the Gerchberg–Saxton 
techniques [25]. Here we have used the method of stationary phase to obtain 
uniform intensity profiles from the fundamental Gaussian beam. 
         Romeo and Dickey [26] have derived a phase function for converting 
Gaussian into uniform profiles using the method of stationary phase that will 
allow the generation of flat-top beams with circular, rectangular or square cross 
sections. The phase function for converting the Gaussian beam into a rectangular 
flat-top profile is given by: 
                                     )()(),( yyxxyx                                              (3) 
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where 0w is the radius of the incident Gaussian beam measured at where the 
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 of its on-axis value, 0i  denotes the half width of the output 
spot size in the respective dimensions, f  is the focal length of the Fourier 
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transform lens and   is the wavelength of the incoming Gaussian beam. The 
corresponding one dimensional solution   of equation (4) is written as: 
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         The beam shaping depends on the parameter   and the usual method is to 
change the focal length of the Fourier transform lens for a fixed output beam size. 
The parameter  gives an indication of the quality of the ‘flatness’ of the output. 
In the case of rectangular flat-top profile, a value of 32  is desirable since 
diffraction effects should not degrade the output flat-top profile as in the case of 
324   , where these effects are significant [25].   
         A DOE is usually designed to function in the first diffraction order (±1) by 
selecting the correct grating period. Here the intensity of the first order diffraction 
spot can be maximized by using the blaze technique [27]. The flat-top holograms 
were blazed using the method proposed by R. Bowman et al. [28]. The standard 
plane phase grating that is blazed to maximize the intensity in the first diffraction 
order is given by [28]: 
                                              
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                                                      (5) 
Here xp is the period of the grating that shifts the diffraction spot in the x-direction 
at a distance
xp
f
x

1 , where   is the wavelength of the incident field and  f is the 
focal length of the Fourier transform lens. The axial shifting gives a complete 
control of the intensity maximized first order spot, without any overlap with the 
th0 order Gaussian.  
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Figure 2. (a) The phase function required to generate a flat-top, (b) a linear phase ramp 
and (c) the resulting blazed hologram with the first order shifted along the x-direction. 
 
          The grating used in this experiment contains 200 stripes, which correspond 
to a beam divergence of ~ 5 mrad that gives a well-separated first order intensity 
maxima. The blazed flat-top hologram is obtained by combining the phases in 
equation (3) and equation (5) and then performing a modulo 2 operation as 
illustrated in figure 2. Here the phase function for the rectangular flat-top profile 
was chosen as it produced a more uniform intensity distribution than the circular 
flat-top beams generated with this particular SLM. The flat-top beams are 
obtained by controlling the phase function in equation (3) using different  values 
for a fixed focal length (f1 =150 mm) of the Fourier transform lens. The  values 
chosen ranges from 0 to 100, where a value of 0 results in a fundamental 
TEM00 Gaussian beam. The gray scale bitmaps produced phase changes that 
varied from 0 to 2 , were applied to the SLM generating flat-top profiles that 
were obtained at the Fourier transform lens  f1. A CCD camera placed at the 
Fourier plane of a second lens  f2 (75 mm), allowed the intensity distributions of 
the beams to be imaged and are shown in figure 3. An aperture placed at the 
Fourier plane of  f1 allowed only the first order diffraction to be incident on the 
camera.  
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Figure 3. The flat-top profiles with increasing order of,  , ( 0  corresponds to the 
fundamental Gaussian beam) and their normalized intensity distribution as a function of 
the radial position.   
 
5. Dependence of RAM on the beam intensity distribution 
         The flat-top beams obtained were polarized in a vertical direction and then 
sent through the 2 mm aperture of the EOM with the beam waist positioned at the 
centre of the EOM. The beam at the output of the EOM was focussed onto a low 
noise photodetector using another lens of focal length f3 (100 mm). The Gaussian 
beam waist at the centre of the EOM was approximately 0.2 mm. The RAM was 
measured for beam spatial intensity distributions with a flatness parameter,  , 
ranging from 0 to 80, for an input intensity of 78 mW/mm
2 
 (figure 4). 
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         Each data point corresponds to 30 minutes time interval with a sampling rate 
of 1 second. The error bars represent ±1 standard deviation of the measured RAM 
values. The measurements were performed 3 times to ensure the reproducibility of 
the obtained data. The angle of incidence of the beam on the front facet of the 
EOM was 1.6
o
, to minimize RAM due to Fabry-perot etalon effects. Similarly all 
other beam properties were chosen in order to reduce RAM to as low a level as 
possible prior to any modification of the beam profile [4]. 
 
 
                      
Figure 4. The level of RAM as a function of the shaping parameter  . 
 
         The results in figure 4 show that RAM decreases from what is observed for 
a TEM00 Gaussian mode ( 0 ) for 35 , with a minimum level of 10
-6
 reached 
for 35 . Consideration of equation (2) shows that it is expected that RAM 
should decrease as the beam intensity becomes more uniform, since the refractive 
index change due to the self-defocusing effect resulting from the intensity 
distribution is reduced as the beam intensity becomes more uniform. In this 
situation the light induced refractive index change is mainly due to the intensity 
dependent photorefractive amplified scatter [ie. second term in equation (2)].  
         From figure 4 it can be seen that RAM increases for beam shaping 
parameters 35 . This is a result of the clipping of the beam as it traverses 
through the 2 mm aperture of the EOM as well as the increased photorefractively 
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amplified scatter that occurs with increasing beam diameter. While the beam 
diameter at the centre of the 40 mm long MgO:LiNbO3 crystal is the same for all 
beam shaping parameters, the diameter at the entrance and exit apertures is not. 
This is because the beam quality factor, M
2
, increases for increasing   since the 
beam becomes a poorer approximation of a TEM00 mode. As a result the beam 
divergence is larger and consequently the beam diameter at the entrance and exit 
apertures of the EOM is larger for beams with a larger . This, in conjunction 
with the increased photorefractive amplified scatter at larger beam diameters [21], 
result in RAM that is larger than was observed for 35 . 
         The RAM produced when a beam encounters an opaque aperture after the 
EOM, has been previously studied [7, 8]. Using this, the effect of varying beam 
size through increasing the beam shaping parameter   on RAM, through of 
clipping of the EOM entrance and exit apertures was calculated as given in [7]:      
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where, c is half the spatial separation of sidebands, w is the beam waist and x is 
the distance of the beam centre from the EOM aperture edge.  Figure 5 shows the 
calculated RAM values for different beam shaping parameters , which 
determines the beam diameter at the EOM entrance aperture. 
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Figure 5. The RAM generated by clipping that arises due to the EOM output aperture. 
         The results in figure 5 are in good agreement with the experimental values in 
figure 4 for 35  since no appreciable increase in RAM occurs through beam 
clipping. Other visual evidence that supports this are CCD images of the beam 
exiting the EOM shown in figure 6 (a). As figure 6 (a) shows, the beam clipping 
appears to commence at around 75 , and at higher values, for example 95 , 
the clipping is clearly visible. This is also evident from figure 6 (b) where the 
clipping causes a sudden drop in the output power for higher   values. 
 
 
Figure 6. (a) Beam clipping at the EOM aperture due to the increasing size of flat-top 
beams for three different  values, 45, 75, 95 at the output of the lens f3 and their 
normalized intensity distribution as a function of the radial position, and (b) the 
normalized output power as a function of  . 
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6. Conclusion 
We have investigated the dependence of RAM on the intensity distribution of the 
beam incident upon an EOM by converting a Gaussian beam into a flat-top using 
a phase only spatial light modulator. The flat-top beams were generated by means 
of the phase only transmission function. A reduction in RAM was observed with 
increasing flatness due to the uniform intensity distribution, reducing the space 
charge field and the self-defocusing refractive index changes. The overall 
reduction in RAM is limited by physical constraints such as the diameters of the 
entrance and exit apertures of the EOM, which clip beams with large half widths. 
Clipping at the EOM apertures increases the amplitude noise significantly and is 
visually apparent at higher values of the beam shaping parameter  .                  
The calculated values of RAM due to beam clipping at the EOM aperture agree 
well with the experimental data for 35 . This study shows that it is possible to 
reduce RAM resulting from photorefractive effects by appropriately shaping the 
intensity distribution of the beam as long as the beam is not significantly clipped 
by the entrance and exit apertures of the EOM itself. 
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Chapter 6 
                             Conclusion 
 
         The aim of this thesis was to demonstrate and understand the intensity 
dependence of medium induced residual amplitude modulation (RAM) generated 
by electro-optic phase modulators that use MgO:LiNbO3 as the active medium. 
This thesis is divided into three major sections that correspond to the three 
Chapters from 3 to 5. 
         Chapter 3 discusses the investigations into the nonlinear optical effects        
in the electro-optic medium, which showed for the first time, the intensity 
dependence of RAM where the amplitude noise increased by an order of 
magnitude for a fifteen-fold increase in the input intensity. An in-depth analysis of 
this intensity dependent RAM showed that the photorefractive effect is the major 
nonlinear optical effect that produces RAM in MgO:LiNbO3 EOM. In general, the 
total phase modulated field consists of the applied modulation field and the 
photoinduced space charge field that alter the refractive index through the Pockels 
effect, where the latter field adds the noise term causing RAM.  
         Further evidence for the photorefractive nature of RAM was provided by the 
persistence of these refractive index changes in the dark. Another indication of the 
photorefractive origin of RAM was attained from the temporal studies of RAM. 
The nature and source of the temporal behaviour of RAM observed is consistent 
with the reported studies, where the origin of the temporal fluctuations of the 
photorefractive space charge field was due to the fluctuations in free charge 
carriers induced by photoexcitation.  
         The fluctuations in RAM over longer time scales will also affect the 
achievable output sensitivity at the detector. A Fourier analysis of the magnitude 
of the temporal RAM, performed at two different limiting intensities revealed that 
the behaviour of RAM is consistent with the photorefractive effect in LiNbO3,  
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which takes hundreds of milliseconds or longer to develop for the cw intensities 
used in the present study. This analysis showed that the fluctuations in RAM 
scaled with intensity for low frequency noise components but not for high 
frequency noise components, which were too rapid for the photorefractive index 
changes to respond. Studies conducted also showed that the photorefractive 
changes were pronounced at higher intensities that increased the magnitude of 
RAM, while the phase of the RAM became less well defined. These effects in 
combination led to RAM fluctuations that increased with the input intensity. 
These observations agree well with the findings of a numerical model that was 
based on the randomly distributed photorefractive scatterers in the optically thick 
MgO:LiNbO3 medium.  
         The above results suggest that RAM produced by the phase modulator is far 
more stable at lower incident intensities, which is a useful consideration in low 
noise applications where the reduction of RAM is demanded. This agrees with 
earlier studies on the temporal fluctuations in the photorefractive effect, where 
large fluctuations in the photorefractive space charge field can arise from a small 
variation in the input intensity, which increases with intensity. In actual cases, the 
RAM manifests itself as an imbalance between the phase modulated sidebands at
the output of the modulator. From the photorefractive origin of RAM, it is evident 
that the imbalance is due to differing amounts of photorefractively induced scatter 
and absorption, which led to differing levels of losses at the two sidebands.  
         The investigation and detection of the photorefractive origin of RAM in 
Chapter 3 led to further studies in reducing the RAM down to the 10
-6
 level.         
In summary, the intensity and phase fluctuations in RAM induced by                 
the photorefractive effect were experimentally investigated, and a      
phenomenological interpretation aided by numerical simulation, was provided to 
explain the intensity dependent RAM and its fluctuation. Based on these 
investigations, a strong counter‐propagating erasing beam was employed to 
suppress both the RAM and its fluctuation, which is explained in detail in   
Chapter 4. 
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         Chapter 3 revealed the dependence of the Gaussian beam profile on the 
photorefractive effect where the magnitude of the RAM was highest at the beam 
waist location, which was positioned at the centre of the self-defocusing electro-
optic medium. This indicates that a proper control of beam profile into a uniform 
intensity distribution can possibly reduce the overall RAM level. In this study, the 
uniform intensity profile (flat-top) was generated by means of an LCOS-SLM 
using the method of stationary phase. The RAM was reduced to a minimum level 
than that generated by the Gaussian intensity profile as discussed in Chapter 5 of 
the thesis. 
         In summary, RAM is a prominent effect in many precision measurements 
such as ultra‐stable clock lasers, laser spectroscopy, laser interferometers etc. This 
work makes new contributions in that it brings attention to a source of instability 
that is not widely known or understood and it will have positive impacts on the 
development of new methods in RAM suppression. 
The main results of the thesis are summarised below: 
Main results 
 The most important achievement of this thesis has been the first ever 
demonstration of the intensity dependence of RAM generated by the electro-
optic phase modulator. The results showed an order of magnitude increase in 
the level of RAM, ~ 10 dB, for a fifteen-fold increase in the input intensity 
from 12 to 190 mW/mm
2
. 
 The RAM due to etalon effects (multipass effects) and polarization 
misalignment were minimized to the 10
-5
 level by angling the crystal, and by 
orienting the laser polarization parallel to the optic axis of the crystal. The 
source of this remaining single-pass RAM at ~ 10
-5
 has been deduced from the 
study of the intensity dependence of RAM. 
 The intensity dependence of RAM was further analysed by taking into 
consideration of the self-defocusing nature of the incident beam through the 
EOM crystal.  The EOM was translated over a distance of 50 mm on either 
side of the beam waist location and the corresponding RAM was measured. 
 Conclusion                                                                                                                                      108                                                                                                                                     
The RAM peaked at the same EOM location where the average intensity has 
maximised due to the beam waist location. 
 The photothermal effects were neglected as they were much less than the 
photorefractive effect in congruent MgO:LiNbO3 crystal. Under the 
experimental conditions used here (I < 1 W/mm
2
), the change in refractive 
index due to photorefraction was over 450 times larger than the change due to 
the photothermal effect. The room temperature was controlled in order to 
avoid any ambient heating of the modulator crystal. The RF drive power was 
maintained well below the threshold value of 1W, above which the thermal 
effects in the modulator crystal will be a problem due to electric heating. 
 It was demonstrated that the origin of the intensity dependent RAM observed 
is photorefractive in nature. The photorefractive space charge field in the 
MgO:LiNbO3 crystal has altered the refractive index through the Pockels 
effect and appeared as an additional noise term resulting in RAM. 
 The photorefractive nature of the RAM was confirmed by further analysis that 
demonstrates the persistence of the refractive index changes in the dark. The 
results showed that the amplitude noise has partially remained after a cooling 
period of 20 hours. 
 It was observed that both the magnitude and phase of the modulator RAM 
varied with time. The fluctuations in RAM persisted for longer due to the 
continual evolution of the photorefractive writing and erasure process. For the 
experimental configuration used here it was found that measuring RAM over a 
time period of 30 minutes was sufficient to obtain reproducible RAM values. 
 The Fourier analysis of the temporal nature of RAM magnitude showed that 
the noise associated with RAM scaled with intensity at low frequencies,       
<10 Hz. At high frequencies around 100 Hz, the intensity dependence of RAM 
was much weaker. 
 The temporal phase studies of RAM showed that the phase of the RAM 
becomes less well defined at higher intensity, which increases with intensity. 
 The experimental results of the temporal fluctuations in RAM were explained 
by a phenomenological model based on the gradually evolving photorefractive 
scattering centres distributed throughout the optically thick MgO:LiNbO3 
crystal.  
  
Coclusion                                                                                                                                        109 
 It has been shown that the RAM, which appears as an imbalance in the phase 
modulated sideband transmission was due to the losses that occurred from 
differing levels of photorefractively induced scatter and absorption within the 
modulator crystal. 
 Another major outcome of this work was the design of a simple optical setup 
for reducing the RAM by erasing the photorefractive scatter in the EOM 
crystal. Here the light induced changes were erased by illuminating the 
modulator crystal with a second intense, large diameter optical beam. With 
this method a reduction of RAM by a factor of 6 was achieved, with the 
lowest RAM obtained at ~ 2 × 10
-6
, using an erasing beam of intensity 5 times 
larger than the original beam that induced these refractive index changes. 
After the erasing beam was turned off it took significant time for the much 
weaker writing beam to re-establish the photoinduced refractive index pattern 
that produced the RAM. However, if the process was allowed to run for 
several hours, the RAM level eventually reaches the original level as 
previously. 
 It was shown that the photorefractive RAM was reduced by transforming the 
Gaussian beam profile into a uniform intensity profile (flat-top). The 
rectangular flat-top profiles were generated by means of an LCOS-SLM using 
the method of stationary phase. The blazed flat-top holograms created using 
Matlab simulations were addressed to the SLM screen as grey scale bitmap 
pictures. The flat-top beams were subsequently imaged using a CCD camera 
at the Fourier transform plane. 
 Experiments conducted to analyse the dependence of uniform intensity profile 
on RAM revealed a reduction in RAM for beam shaping parameter 35 .             
For 7535   , the RAM level has increased due to photorefractive amplified 
scattering or the beam fanning effect that resulted from the increased flat-top 
size when  was increased. In the case of 75  the RAM has increased 
primarily due to beam clipping at the EOM apertures. 
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Abstract Summary  
We present experimental results that demonstrate for the first time the 
dependence of residual amplitude modulation production in electro-
optic phase modulators on beam intensity. These results show that 
the underlying mechanism is nonlinear photorefractive effect. 
Keywords-residual amplitude modulation; electro-optic 
modulator; photorefractive effect. 
I. INTRODUCTION  
 
Optical frequency references are important metrological 
tools that are realized through modulated saturated 
spectroscopic techniques, which rely on optical fields that are 
phase modulated with an electro-optic modulator (EOM) [1-3]. 
However, it is known that all EOMs induce residual amplitude 
modulation (RAM) onto the field, thereby degrading the 
accuracy of the reference and ultimately its usefulness. 
Consequently, much research has been aimed at understanding 
this RAM contamination in order to reduce its impact [1-4]. 
Some of the known factors, which contribute to RAM, are: 
the spatial separation of the carrier and side bands [1-3], the 
temperature dependence of the birefringent EOM medium, 
scattering by impurities, spatial inhomogeneities of the electric 
field in the crystal [4], as well as, etalon effects due to 
reflections from the end faces of the medium [1-4]. Since only 
some RAM mechanisms have been identified, it has proven 
impossible to completely remove it. In response, various RAM 
reducing methods have been developed that can limit the level 
of the RAM to the 10‾⁵ level [3, 4]. To get below this threshold 
requires a more complete picture of RAM production in EOMs. 
Here we present results from an extensive experimental and 
theoretical evaluation that shows that the nonlinear 
photorefractive effect produces RAM in MgO: LiNbO3 EOMs 
above the 50 dB level. This finding is somewhat unexpected, as 
this medium has been deliberately engineered to have a much 
higher threshold to photorefractive 'damage' than undoped 
LiNbO3, leading to it becoming the medium of choice for high 
quality EOMs that operate in the green part of the spectrum.  In 
this paper, we present data that demonstrates the dependence of 
RAM on the intensity of the optical field propagating through 
the medium. 
II. THEORY 
 
A. Electro-Optic Modulators 
        The Electro- Optic Modulator (EOM) is an optical device, 
which can be used for modulating the phase, frequency, and 
amplitude of an optical beam. In terms of optical components 
and ease of set up, the simplest modulating action the EOM can 
perform is phase modulation, where the information is 
represented as variations in the instantaneous phase of a carrier 
wave.  
        Lithium Niobate (LiNbO₃) is one of the most commonly 
used crystal for phase modulation due to its large electro-optic 
and acousto-optic coefficients. Its high mechanical and 
chemical stability, its suitable physical properties and high 
optical homogeneity are major factors that have led it to be 
used in a diverse array of commercial optical devices for more 
than 30 years [5-9]. Over that time frame manufacturers have 
investigated a range of growth techniques (e.g. congruently 
grown, etc) and dopants (Fe, MgO, etc) in order to improve 
nonlinear properties, or reduce undesired behaviour. In 
particular, Magnesium-oxide-doped lithium niobate (MgO: 
LiNbO₃) crystals exhibit a high optical damage threshold when 
compared to undoped LiNbO₃ [9]. Photorefractive damage is 
generally regarded as the visually observed degradation of the 
spatial quality of the beam transmitted through the modulator 
due to light induced refractive index changes. 
      The EOM uses the linear electro-optic or Pockel’s effect, 
where the refractive index of an optical medium can be varied 
by applying an electric field across the crystal [10].The 
relationship between applied field and resulting change in 
refractive index can be expressed as, 
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        Here n is the homogeneous refractive index of the electro-
optic material, d is the thickness of the crystal and reff  is the 
electro-optic coefficient of the material. 
       Hence, by applying a voltage across the electrodes of the 
electro-optic crystal, the phase of the light that passes through 
the crystal is altered. 
 
B. RAM production in EOM   
       Since every EOM impresses some level of RAM on to the 
optical field, the resultant field that is transmitted through the 
crystal is: 
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where r is the RAM generated by the modulator, 
 
represents 
the frequency of the modulating field,  is the   frequency of 
the optical field and  is the modulation index that describes 
the depth of modulation [2]. 
        RAM was first encountered in optical frequency 
references that employed for measuring weak absorption and 
dispersion [11]. The presence of RAM generated by the phase 
modulator external to the laser [12, 13] leads to noise 
appearing on the signal that shifts the locking frequency of the 
laser. Various techniques have been proposed to suppress this 
effect and refine the signal structure in order to generate a 
highly accurate frequency reference [12-15]. The first 
approach is to suppress the RAM with an active servo at the 
output of the EOM, while the second being the rejection of 
noise after the sample [12]. Another possibility to reject the 
distortion of line shape may be a suitable selection of 
modulation index and detection phase [12]. Using these RAM 
reducing methods, the level of RAM can be reduced to < 10‾⁵ 
[14, 15].     
                                                                                                                                   
C. Photorefractive and Photothermal effects in MgO:LiNbO₃ 
   Light propagating through LiNbO3 can alter the refractive 
index through photorefractive or photothermal effects. Both are 
proportional to the intensity and the absorption coefficient of 
the medium and therefore, for a non-uniform field distribution 
(i.e. light that is not a true plane wave), an inhomogeneous 
refractive index distribution is created in the medium. For low 
continuous wave intensity illumination levels in most 
photorefractive materials, the change in refractive index can be 
treated as being proportional to light intensity [16].  
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       Here n is the homogeneous refractive index, reff is the 
electro-optic coefficient,  is the absorption coefficient, I is the 
intensity, G is the Glass constant, d is the dark conductivity 
and p is the photoconductivity. Doping lithium niobate with 
magnesium oxide decreases the photorefractive induced change 
in refractive index, by increasing the photoconductivity by 100 
to 1000 times in congruently grown MgO: LiNbO3 without any 
effective increase in photocurrent. With such a large 
photoconductivity, the dark conductivity is negligible in the 
presence of light. 
      The thermal change in   refractive index is given by:
 
                          dT
dnIw
nth


2
2

                                    (4)                                       
     
Here dn/dT is the linear thermo-optic coefficient, w is the 
beam radius and  is the thermal conductivity. 
      A comparison of the equations (3) and (4) shows that the 
ratio of the photorefractive index change to the thermally 
induced change is independent of intensity and absorption, and 
is only dependent on easily measured material properties. 
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D.   Beam intensity and RAM 
      The dependence of RAM production on the intensity of the 
optical field propagating through the medium will indicate the 
presence of any nonlinear effects. Nonlinear optical effects in 
lithium niobate are well known [17-19] and manifest 
themselves as a de-focusing of the beam, which causes the 
beam energy to spread from the beam axis. Significant de-
focusing will result in a greater spatial separation of the side 
bands leading to enhanced RAM. A simple test for the 
presence of nonlinear optical effects is to measure the 
dependence of RAM on the incident laser beam power. 
 
 
III. EXPERIMENT AND RESULTS 
 
A single longitudinal mode frequency-doubled Nd: YAG 
laser at 532 nm was  sinusoidally phase modulated at 800 kHz 
with a commercial resonant MgO doped congruent LiNbO3 
EOM, using a 15 MHz waveform generator. The maximum 
output power of the laser was 20 mW and the output beam was 
linearly polarized in a vertical plane with a polarization        
ratio > 100:1 and it delivers superior TEM00 beam mode quality 
with a beam radius of 0.35 mm. The laser was frequency 
tunable over a range of 3 GHz. A Glan - Thompson polarizer 
was used to ensure the linearly polarized incident field had a 
purity of better than 1:10000. Careful beam alignment with 
respect to the optic axis of the medium ensured that etalon 
effects were minimized.  These measures kept the baseline 
RAM level in the 10
-5
 to 10
-4
 range for this work. The 
magnitude of RAM was measured by monitoring the field 
transmitted through the EOM with a low noise photodiode 
coupled to a phase sensitive detector that locked onto the 800 
kHz signal used to phase modulate the optical field. 
Fig. 1 shows the measured peak and average RAM levels 
(RAMpk, RAMavg) for various input intensities. Each data  
 
 
 
 
 
Figure.1 Measured peak and average RAM levels as a function of Intensity. 
 
point represents a time series of 30 minutes duration sampled 
every 20 seconds. Multiple measurements were performed at 
each intensity ensuring that the results were reproducible. 
IV. DISCUSSION 
 
      The experiment was performed by varying the laser power 
in two ways. First, by directly varying the drive current of the 
laser. Secondly by using a neutral density filter to vary the 
laser power entering the EOM. However, the first method had 
the disadvantage of changing the laser frequency thereby 
changing the RAM values due to other RAM producing 
mechanisms such as the Etalon-effect [20]. 
     The dependence of RAM on the angle of incidence of the 
laser beam at the EOM entrance facet was taken into 
consideration to get a better beam alignment and thereby a 
considerable reduction in RAM. With careful adjustment of 
the angle of incidence of the optical field at EOM, the overlap 
between the incident beam and its partial reflections can be 
reduced allowing them to be separated, and thereby lowering 
the level of RAM [1, 20]. It has also been reported [20] that 
the RAM component due to single pass through the medium 
will vary for different EOM crystals. Magnesium doped 
lithium niobate has a high refractive index (~ 2.2). As a 
consequence the input and output facets of the medium reflect 
a significant fraction of the incident radiation (~ 14%) when 
they are not anti-reflection coated. As a result, the field in the 
medium is actually a combination of the incident field plus 
many partial reflections as is the case in a Fabry-Perot Etalon. 
This combined field can display significant RAM, which 
becomes much larger the closer the incident field is to the 
normal of the medium.  
     The experimental results confirm an intensity dependent 
amplitude modulation contamination in the EOM. However, it 
is essential to determine whether it is the photorefractive effect 
or the thermo-optic effect, is the dominant cause of the 
refractive index change. Equation (3) gives the relation 
between the photorefractive change in refractive index and 
intensity. Here the normal refractive index of the crystal         
n = 2.2, the electro-optic coefficient reff = 10 × 10
-12
 m/V, the 
absorption coefficient
  = 1 m-1 [21], the Glass constant         
G = 2.5 × 10
-11
 m/V [22], and the photoconductivity              
p < 10
-10
 (.m)-1 [16]. Dark conductivity d can be ignored as 
it is much less than the photoconductivity, which is 100 to 
1000 times larger than that for congruently grown, undoped 
LiNbO3. Assuming a beam power of 1 mW and a beam radius 
w = 0.35 mm, the minimum expected photorefractive change 
in refractive index per mW is:  
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     The linear thermo-optic coefficient dn/dT = 4 × 10
-5
 K
-1
 and 
the thermal conductivity  = 5.6 W.m-1K-1 [23]. With these 
values, from equation (4), the thermal change in refractive 
index per mW is:  
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Hence, from the above calculations on the magnitude of 
change in refractive index due to thermal and photorefractive 
effects, the photorefractive effect produces a change that is at 
least 35 times larger than thermal effect in congruently grown 
MgO: LiNbO3. If this is the case, it can be seen as an intensity 
threshold for photorefractive damage as this is the intensity at 
which beam distortion occurs due to defocusing but the thermal 
effect is focusing. Thus since MgO doped congruent LiNbO3 
has a photorefractive damage threshold, it must be 
photorefractive effect that dominates. Therefore, it is the 
photorefractive effect, which causes the nonlinearities in this 
crystal leading to RAM. 
Figure 1 clearly shows that even for an intensity of about 
25 mW/mm
2 
the RAM level did not exceed the 10‾⁵ level. 
Hence, we could reduce the RAM to a level in the range 10
-4
 to 
10
-5
, for input intensities varying from 2.5 to 25 mW/mm
2
. 
Here the error bars give the uncertainty in the average values of 
RAM corresponding to the various intensities. 
Hence from the present study, it has been found that the 
etalon effects inside the crystal are the dominant RAM 
production mechanism. When there are reflecting optical 
surfaces that can form interference fringes, there will be etalon 
effects on phase modulation. Temperature changes can also 
cause the etalon effects to change due to length and refractive 
index variations. However, in our case temperature induced 
refractive index changes can be ignored since our crystal is 
congruently grown MgO doped LiNbO3. 
V. CONCLUSION 
 
The results show an order of magnitude increase in the 
level of RAM when the input intensity is increased to             
25 mW/mm
2
. This can be explained by the intensity dependent 
photorefractive effect where the refractive index of the crystal 
varies under illumination. The results show that the optically 
induced refractive index inhomogeneities in the crystal reduce 
the effectiveness of the modulator causing beam distortion and 
the associated RAM. A more detailed investigation on the 
etalon effects and other parameters related to RAM are in 
progress and the results will be communicated shortly. 
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Abstract: We present experimental and theoretical results of the intensity dependence of 
residual amplitude modulation (RAM) production in electro-optic phase modulators. By 
utilizing the anisotropy of the medium, we show that RAM has a photorefractive origin.  
 
1.  Introduction   
The electro optic modulator (EOM) is a versatile device that is used in a vast array of scientific and industrial 
applications ranging from optical fibre communication, atomic physics to high-resolution laser spectroscopy and 
astronomy. EOM’s are essential components in optical frequency references with the frequency accuracy 
dependent on the purity of the phase modulation process. Since all EOMs generate unwanted residual amplitude 
modulation (RAM) [1-3], the frequency of the locking point can be shifted away from the desired value by as 
much as 1 part in 108, thereby degrading the performance of these references that are used as fundamental length 
measurement tools. 
     RAM was first observed around 1980 in high sensitivity spectroscopic techniques, as a noise appearing on 
the signal that shifts the frequency of the locking point of the laser [3]. Some of the major factors which 
contribute to RAM are the spatial separation of carrier and sidebands [1], etalon effects due to reflections inside 
the electro-optic medium [1-2, 4], temperature variations within the electro-optic medium, scattering by 
impurities and defects, as well as, spatial inhomogeneities of the electric field inside the electro-optic       
medium [4]. However, since it is impossible to totally remove RAM, much work has been done in reducing its 
impact in its intended application [1-3].  
     One well-known problem with lithium niobate EOMs is their sensitivity to photorefractive index changes 
that are often referred to as ‘optical damage’. These light induced index changes can be so severe that the spatial 
distribution of the modulated light beam is significantly distorted. To combat this problem the lithium niobate 
(LiNbO₃) host is doped with magnesium oxide (MgO), which reduces the medium’s photorefractive sensitivity, 
by approximately 2 orders of magnitude. In this paper, we present results that show that RAM generated by the 
EOM has an intensity dependent component. By using the anisotropic nature of the MgO:LiNbO3 medium, we 
show that the intensity dependent RAM is photorefractive in nature.   
2.  Theory 
The EOM is an optical device, which can be used for modulating the phase, frequency and amplitude of an 
optical beam. The EOM uses the linear electro-optic or Pockels effect, where the refractive index of an optical 
medium can be varied by applying an electric field across the crystal [5]. The relationship between the total field 
E and resulting change in refractive index can be expressed as: 
∆ =
3eff
2
 
(1) 
 
     Here  is the homogeneous refractive index of the electro-optic material and eff  is the effective electro-optic 
coefficient of the material. Since the medium is photorefractive, the total field in this case consists of the applied 
modulation electric field and the space charge field that results from the migration of charges that are          
photo-excited by the light field. Consequently, the total field E can be written as the combination of the 
externally applied field   and a space charge field 	 . Hence, the above equation becomes: 
 
∆ =
3eff
2
( +  	 ) (2) 
 
     Lithium Niobate is one of the most commonly used crystals that has been used in electro-optic phase 
modulators due to its large electro-optic and acousto-optic coefficients. For an electric field that is parallel to the 
optic axis of the crystal, the 33  and 13  components of the electro optic tensor are active, which correspond to 
the associated refractive indices, 
 for the extraordinary (e) ray and   for the ordinary (o) ray, respectively. 
Furthermore, the magnitude of the refractive index change depends on the input polarization direction of the 
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laser beam with respect to the optic axis for the crystal. Thus for e and o rays, the respective change in refractive 
index becomes: 
   
∆
 =


333
2
( +  	 ) (3a) 
  
∆ =

313
2
( + 	 ) 
 
(3b) 
 
      Only the second term in equations (3a) and (3b) is dependent on the intensity of the input beam. For low 
continuous wave intensity illumination levels (I < 1 W/mm2) , as used in most photorefractive materials, the 
change in refractive index can be treated as being proportional to light intensity [6], and the intensity dependent 
parts of equations (3a) and (3b) can be expressed as:  
    ∆ 
() =

()
3 33(13)
()
2( +  )
 
(4) 
      Here 
() is the optical absorption coefficient for the e and o ray, I is the light intensity, G is the Glass 
constant,   is the dark conductivity, and   is the photoconductivity. This equation has been derived on the 
basis that the photorefractive index change is the dominant nonlinear effect in 5 mol% MgO doped congruent 
LiNbO3  as has been previously established [7]. From equation (4), the ratio of the intensity dependent refractive 
index changes in the two polarization directions can be expressed as:                      
∆ 

∆ 
=  


333 

313 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3.  Experiment and Results 
The experimental set up for the measurement of RAM is shown in Fig. 1. An intracavity frequency-doubled 
Nd:YAG laser at 532 nm was sinusoidally phase modulated at 800 kHz with a transverse resonant 5 mol% MgO 
doped congruent LiNbO3 EOM, using a 15 MHz waveform generator. The maximum output power of the laser 
was 20 mW and the output beam was linearly polarized in a vertical plane with a polarization ratio > 100:1 and 
it delivers superior TEM00 beam mode quality with a beam radius of 0.16 mm. Here the laser output is polarized 
along the optic axis (z-axis) of the crystal which corresponds to an extraordinary ray (fast axis), and a refractive 
index 
  in the medium. A half wave plate and Glan-Thompson polarizer combination was used to allow the 
field polarization to be switched from e ray to o ray and ensure the linearly polarized field had a purity of better 
than 1:100,000.  
 
 
                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Experimental set up for the measurement of RAM. 
(HWP : Half Wave Plate; GTH : Glan Thompson Polarizer; 
EOM : Electro-Optic Modulator; PD : Photodiode; CRO : 
Oscilloscope). 
 
  Fig. 2. Measured average RAM levels for the two polarization 
states as a function of intensity.
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      Careful beam alignment with respect to the optic axis of the medium ensured that etalon effects were 
minimized. The angle of incidence of the laser beam at the EOM front face was kept at 1.58⁰ in order to reduce 
the RAM ensuing from any multipassing fringe effects [2]. However, this is only partially successful as 
changing angle affects the effective polarization of the incident field [2]. These measures kept the baseline RAM 
due to etalon effects at the 10-5 level for this work. The magnitude of RAM was calculated as the ratio of AC to 
DC component, at the output of the low noise photodiode. The AC signal was recovered using the                 
lock-in-amplifier through the phase sensitive detection, while the DC component was measured using the 
oscilloscope. Fig. 2 shows the measured average RAM levels ( (
) and  ()) for the extraordinary 
and ordinary polarization, respectively, at various input intensities. Each data point represents a time series of  
30 minutes duration sampled every 20 seconds. Multiple measurements were performed at each intensity 
ensuring that the results were reproducible.                                                                                                                                             
4.  Discussion and Conclusion            
The experimental results in Fig. 2 show a polarization dependent amplitude modulation contamination            
(i.e. RAM level) from the EOM that depends on the intensity of incident beam. A linear regression of the data in 
Fig. 2 reveals that the gradient of the RAM magnitude dependence on intensity is 1.56 × 10-4 mm2/W for the e ray 
and 1.17 × 10-4 mm2/W for the o ray. The ratio between the two is (1.3 ± 0.2). Substituting the appropriate 
parameters into equation (5) yields:                              
∆ 

∆ 
= 1.87 
     (6) 
where, the refractive indices 
  = 2.159 and  = 2.184 [8], the electro-optic coefficients 33  = 30.9 × 10-12 
m/V, 13  = 9.6 × 10-12 m/V [9], the absorption coefficients 
  = 1.5 m-1 and   = 2.5 m-1 [10], for the 
extraordinarily and the ordinarily polarized light respectively.  
      The theoretical value in equation (6) is close to the experimentally obtained value of (1.3 ± 0.2) for the ratio 
of RAM observed for e and o rays. It must be remembered that equation (4) was derived under the assumption 
that the photorefractive index change is proportional to the light intensity. Therefore, under this linear 
approximation, the agreement between the theoretically predicted result and the observed value is quite good. 
This suggests that the RAM observed is proportional to the photorefractive induced refractive index change and 
provides further evidence that RAM has an intensity dependent component that is photorefractive in origin. 
Thus, even though 	 <<   in MgO doped LiNbO3, the photorefractive contribution to RAM cannot be ignored 
particularly in applications requiring high purity phase modulation. As Fig. 2 shows, increasing the intensity from 
10 mW/mm2 to 200 mW/mm2 increases the RAM by an order of magnitude. Therefore, in those situations where 
RAM is a limitation, incident intensities that are sufficiently low should be used.      
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Abstract Summary  
Our results demonstrate that both magnitude and phase of EOM 
amplitude noise vary temporally because of photorefractive self-
defocusing. This is particularly important in low noise applications 
where high stability of residual amplitude modulation is essential. 
Keywords- residual amplitude modulation; electro-optic phase 
modulator; photorefractive medium; self- defocusing. 
I.  INTRODUCTION  
The electro-optic phase modulator (EOM) is a key optical 
component used for phase modulating an incident field in 
optical frequency references and gravity wave detectors. 
However, all EOMs generate unwanted residual amplitude 
modulation (RAM), which limits the sensitivity and resolution 
in these ultra sensitive applications [1].  
 
The major factors which contribute to RAM are the, etalon 
effects due to reflections inside the electro-optic medium, 
temperature variations within the electro-optic medium, 
scattering by impurities and defects, as well as, spatial 
inhomogeneities of the electric field inside the electro-optic 
medium [2]. While it is impossible to completely remove, it 
can be suppressed to the 10¯5 level through adequate control of 
beam and medium properties. Although a practical and useful 
outcome, our understanding of RAM is not complete and 
observations such as its irreproducible temporal behavior 
remain unexplained and prevent further suppression of this 
noise.  
 
This study describes a comprehensive experimental evaluation 
of the temporal phase characteristics of RAM and its 
dependence on input intensity. The results presented here 
demonstrate that both the magnitude and phase of the 
modulator RAM varied with time. 
II. THEORY 
A. MgO- doped Lithium Niobate Modulators  
 
Lithium Niobate (LiNbO₃) is one of the most commonly used 
crystal in phase modulators due to its large electro-optic and 
acousto-optic coefficients. Its high mechanical and chemical 
stability, its suitable physical properties and high optical 
homogeneity are major factors that have led it to be used in a 
diverse array of commercial optical devices for more than     
30 years [3-5]. In mean time, manufacturers have investigated 
various dopants (Fe, MgO, etc) in order to improve the 
nonlinear properties of this crystal. However, magnesium-
oxide-doped lithium niobate (MgO: LiNbO₃) crystals exhibit a 
high optical damage threshold when compared to the other 
derivatives of lithium niobate [5].  
 
The optical damage, which is dominantly caused by the 
photorefractive effect, is generally regarded as the visually 
observed degradation of the spatial quality of the beam 
transmitted through the modulator due to light induced 
refractive index changes. 
 
B. Photorefractive effects in MgO:LiNbO₃  
 
Light propagating through LiNbO3 can alter the refractive 
index through photorefractive effect, which is proportional to 
the intensity and the absorption coefficient of the medium. 
Therefore, for a non-uniform field distribution, an 
inhomogeneous refractive index distribution is created inside 
the medium.  
 
For low continuous wave intensity illumination levels, in most 
photorefractive materials, the change in refractive index can 
be treated as being proportional to light intensity [6].  
 
                                   (1) 
 
Here, n is the refractive index, 
eff
r is the effective electro-
optic coefficient,  is the absorption coefficient, I is             
the light intensity, G is the Glass constant,  
d
  is the dark 
conductivity, and 
p
 is the photoconductivity. Dark 
conductivity can be ignored as it is much less than the 
photoconductivity, for MgO doped congruent LiNbO3. 
 
The photorefractive effect is a phenomenon caused by photo 
carriers and their drifts in crystals. As the accepted band 
transport model for photorefractive media accurately 
describes, charges responsible for photorefraction are excited 
into from multiple trap states in the medium‟s band-gap that 
result from numerous impurities, dopants and defects [7]. The 
redistribution of these charges, due to the migration of photo 
excited electrons from the bright regions to the dark regions, 
results in a space charge field within the medium, which 
contributes to the resultant refractive index change through 
Pockels effect. This photorefractive effect is slow and for 
lithium niobate and its derivatives (e.g. MgO:LiNbO3,          
Fe: LiNbO3), these changes typically occur over time scales 
of hundreds of milliseconds or longer for the cw beam 
intensities used here [8]. 
 
III. EXPERIMENT AND RESULTS 
 
The measurements were performed with a continuous wave 
532 nm Nd:YAG laser that was phase modulated with an 
MgO-doped lithium niobate EOM, with the output measured 
by a phase sensitive detector. The maximum output power of 
the laser was 20 mW and the output beam was linearly 
polarized in a vertical plane with a polarization ratio > 100:1 
and it delivers superior TEM00 beam mode quality with a beam 
radius of 0.16 mm. A Glan - Thompson polarizer was used to 
ensure the linearly polarized incident field had a purity of 
better than 1:10000. 
 
The most dominant source of RAM in the EOM is the etalon 
effect and that is minimized using anti-reflection coatings, and 
by adjusting the angle of incidence of the laser beam at the 
EOM entrance, which considerably reduce the end facet 
reflections of the EOM.  Since the Fabry-Perot produced 
RAM can be very large (~ 10
-2
-10
-3
), great care must be   
taken to minimize it first, otherwise it will completely 
overshadow the much weaker RAM (~ 10
-4
-10
-5
) produced by 
the photorefractive effect. 
 
The magnitude of the RAM was measured as the ratio of AC 
to DC intensity components across a low noise photodetector. 
The AC component was measured with a lock-in-amplifier. 
 
Fig.1 shows the measured RAM levels at two different input 
intensities, 12 mW/mm
2
 and 190 mW/mm
2
 over two different 
time periods. As shown in fig. 1, the RAM level, RAM, 
measured at higher intensity (1(b) and 1(d)) was almost 10 
times higher than that at the lower intensity (1(a) and 1(c)), 
with the RAM maximum around the reference phase angle. 
An interesting observation was that the phase fluctuation of 
the RAM was more pronounced at higher intensities.            
For example, when measured over a  30 minute interval, the 
phase fluctuated between -90 to 90 degrees at the higher 
intensity (fig. 1(b)), but over a much smaller range at the 
lower intensity (fig. 1(a)).  
 
    
 
   
Figure 1. Measured temporal phase behaviour of RAM: (a) 
and (b) for a time period of 30 minutes, and (c) and (d) for           
90 minutes at two different input intensities, 12 mW/mm
2
 and          
190 mW/mm
2
. 
The observed temporal variation of the magnitude and phase 
of the RAM can be explained by the randomly varying self-
defocusing refractive index changes that occur in the 
photorefractive medium. Since MgO:LiNbO3 is an anisotropic 
defocusing photorefractive medium, the refractive index is 
lower in regions where the optical field is most intense. In this 
case, the light field is a TEM00 Gaussian mode producing a 
spatially inhomogeneous electric field and refractive index 
variation, in the plane transverse to the beam propagation 
direction. Consequently, the defocusing causes the beam 
energy to spread from the beam axis.The resulting refractive 
index change can cause substantial modifications in the 
temporal characteristics of a given input beam. 
 
         
Figure 2. Measured intensity dependent RAM as a function of 
the phase angle for five different input powers. 
Here each data point represents a time series of 90 minutes 
duration sampled every 1 second. Measurements were 
performed over a range of input intensities, in order to ensure 
the intensity dependence of RAM as described in [10]. Fig. 2 
clearly shows the intensity dependence of the temporal phase 
of RAM. It should be noted that the phase of the noise shifts 
randomly around the common reference angle. 
Recently, it has been shown that the sidebands of the phase 
modulated field produced by the EOM are spatially     
separated [9]. As a result, each sideband will encounter 
differing levels of photorefractively induced scatter and 
absorption. As [10] indicates, a difference in sideband 
transmission will manifest itself in the level of RAM 
measured. Since these losses are photo-induced, the resulting 
RAM will also exhibits intensity dependence as observed here 
[fig. 2 and 3]. Future work will investigate the actual nature of 
the intensity dependent phase shift, with the aim of identifying 
its cause. 
          
Figure 3. Measured output voltage as a function of time. I1 
and Q1 are the lock-in-amplifier in-phase and quadrature 
components at 190 mW/mm
2
, and I2 and Q2 are those at        
12 mW/mm
2 
for a total irradiation time of 90 minutes.
 
IV.CONCLUSION 
Our results show that the observed temporal fluctuations in 
RAM level are tied to the medium‟s nonlinear optical 
properties and in particular, to the continual evolution of the 
self-defocusing refractive index changes that occur in the 
photorefractive medium. The results of this study suggest that 
the RAM generated by the EOM, is far more stable when low 
powers are used, which is a useful consideration in low noise 
applications where reduction of RAM is demanded.               
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